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Abstract 
Sea turtles lay their eggs along beaches and embryos take about two month to incubate without any 
parental care. During this time a wide range of predators may prey on sea turtle eggs and have a 
significant effect on sea turtle hatchling recruitment and long-term population viability. The 
loggerhead sea turtle (Caretta caretta) is listed as endangered on the IUCN Red List. Goannas 
(Varanus varius and V. panoptes) have become the most common predator of loggerhead sea turtle 
nests at the Wreck rock rookery adjacent to Deepwater National Park in south east Queensland after 
a control program for feral foxes was instigated. Previous studies have reported goanna activity on 
sea turtle nesting beaches, but none have investigated the general biology of goannas in these areas, 
or designed an effective way to protect turtle nests from goanna predation. This thesis assessed 
activity patterns, spatial ecology, and in particular the sea turtle nest predation activities of goannas, 
along Wreck Rock Beach and in the adjacent Deepwater National Park, by a combination of 
monitoring passive soil plots, turtle nest monitoring, camera traps, and Global Position System 
(GPS) tracking. In addition, different turtle nest protection methods were trialed in order to find an 
effective and economical way to protect sea turtle nests from goanna predation.  
Chapter 1 is a general introduction to the study species and study site, sets up the background for 
the study and indicates the knowledge gaps that my research aimed to fill. 
Chapter 2 focused on identifying the major sea turtle nest predators at Wreck Rock beach. Although 
fox tracks were frequently identified on tracking plots located on dunes, no tracks were identified 
on nests, and no images of foxes recorded from camera traps located at nests. Yellow-spotted 
goannas were the most frequent visitors and predators of sea turtle nests at Wreck Rock beach 
suggesting they are the main cause of nest predation. Lace monitors only predated turtle nests after 
they had been previously opened by yellow-spotted goannas. Intriguingly, the nest predation rate 
and activity of goannas on the nesting dune varied by a factor of two over the two seasons that I 
studied, but I could find no obvious reason for this difference.  
Chapter 3 investigated how goannas might find sea turtle nests. Contrary to expectation, nest 
discovery by goannas was independent of nest age, however, the nest visitation rate of goannas 
increased significantly after a nest had been opened by a goanna or after hatchlings had emerged 
from the nest. There was no apparent connection between ghost crab burrows into a sea turtle nest 
and the likelihood of that nest being predated by a goanna. 
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Chapter 4 examined four possible methods of sea turtle nest protection against goanna predation, 
metal cages, plastic mesh, chili powder and red flags. Plastic mesh, when applied correctly, was 
found to be a relatively inexpensive and effective way to prevent goanna nest predation at sea turtle 
nesting beaches, while metal cages were also effective but more expensive and laborious to install. 
Chili powder and red flags were ineffective at deterring goanna predation. 
Chapter 5 explored the intraspecific variation in space use of yellow-spotted goannas at my study 
site. Male yellow-spotted goannas had larger home ranges, spent a greater proportion of their time 
in the beach-front dune area where sea turtles nest, and their home range overlap with more sea 
turtle nests compared to females. Examination of space use patterns indicates that it is the larger 
male yellow-spotted goannas that are the main predators of sea turtle nests at the Wreck Rock 
Beach sea turtle nesting aggregation. 
Chapter 6 explored the intraspecific variation in space use of lace monitors in at my study site. Both 
adult males and females occupied relatively large home ranges and individual home ranges 
overlapped each other to a large extent. The utilisation of turtle nesting beach by lace monitor 
varied between individuals, and sea turtle nest predation was performed by relatively few 
individuals who occasionally visited turtle nesting areas and they only raided nests after the nest 
had been previously opened by yellow-spotted goannas. For these reasons, lace monitors do not 
represent a major threat to the sea turtle nests at Wreck Rock beach. 
Chapter 7 explored the possible intraspecific and interspecific interactions of yellow-spotted 
goannas and lace monitors by quantifying how often goannas came close enough to each other that 
one-on-one interactions could occur. Yellow-spotted goannas spent a greater proportion of their time 
in the dune habitat where sea turtles nest, while lace monitors spent most of their time in the 
woodland habitat behind the beach-front dunes and as a consequence encountered fewer sea turtle 
nests compared to yellow-spotted goannas. Yellow-spotted goannas and lace monitors rarely came 
closer than 15 m of each other both intraspecifically and interspecifically, even though their home 
ranges overlapped, so the frequency of one-on-one interactions is likely to be low.  
Chapter 8 summaries the major findings of my study and suggests possible future studies to further 
our understanding of monitor lizard biology and their interactions with sea turtle nests.  
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This thesis consists of 8 chapters, 6 data chapters written as stand-alone manuscripts for publication 
in journals (some of which have already been published), bookended by a general introductory 
chapter and a summary and future studies chapter. For this reason there is some repetition in the 
introductory and methods sections of the data chapters although I have kept this to a minimum by 
editing out some material in the thesis version compared to the published version of the data 
chapters. In an appendix at the end of the thesis I have included a copy of the data chapters that 
have been published or are in press.  
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CHAPTER 1 
 
GENERAL INTRODUCTION 
All species of turtle are oviparous and most of them choose appropriate nest locations on land. The 
incubation period typically lasts several months and hatching success is determined by nest 
temperature, salinity, humidity, water inundation and predation (Fowler 1979; Miller 1985; Reid et 
al. 2009; Wang & Weathers 2009). The predation rate of turtle nests is high in many areas because 
turtles lay and leave their eggs without any parental care (Fowler 1979), and nest predation is the 
main cause of hatching failure for many turtle populations (Congdon et al. 1983; Marchand et al. 
2004).  
 
Many terrestrial animals prey on turtle eggs (Heppell et al. 2003). Mammals such as raccoons, red 
foxes, skunks, and opossums are the most common freshwater turtle egg predators (Bowen & 
Janzen, 2005). Mammalian predators easily detect freshly constructed freshwater turtle nests, 
following visual and scent cues (e.g. turtle egg mucus, soil disturbance and turtle urine) (Strickland 
2008). Cagle (1950) reported some freshwater turtle populations (e.g. Trachemys scripta) in North 
America suffered almost 100 % nest predation, while some river turtle populations suffer around 15% 
nest predation (Moll & Legler 1971), nest predation rate being correlated with predator density.  
 
Sea turtle nests are also attacked by a wide range of predators including fire ants (Solenopsis 
invicta), coatis (Nasua narica), raccoons (Procyon lotor), dogs(Canis familaris), red foxes (Vulpes 
vulpes), golden jackals (Canis aureus), mongooses (Herpestes javanicus), snakes (Oligodon 
formosanus) and goannas (Varanus spp) in different regions of the world (Stancyk et al. 1980; 
Stancyk 1982; Mora & Robinson 1984; Brown & Macdonald 1995; Frick 2003; Leighton et al. 
2008). In Australia, sea turtle nest predators include several species of native monitor lizard 
(Varanus spp), and the introduced fox (Vulpes vulpes), pig (Sus scrofa) and dingo (Canis lupus) 
(Limpus 1978; Limpus & Fleay 1983). Some studies reported more than 50% of sea turtle nests are 
destroyed by predators in their natural habitats (Fowler 1979; Blamires & Guinea 1998; Blamires et 
al. 2003). In addition, predation of sea turtle nests by multiple predators occurs at some rookeries, 
and thus nests laid at certain locations may have a greater risk of predation (Stancyk et al. 1980; 
Limpus et al. 1983; Sivasunder & Prasad 1996). If high nest predation occurs it greatly reduces the 
recruitment of hatchlings from rookeries and may ultimately result in longer-term decreases in the 
adult population (Stancyk 1995). 
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The loggerhead turtle Caretta caretta in Australia 
The loggerhead turtle (Caretta caretta) is an endangered species on the IUCN Red List (IUCN 
2016). The monotypic genus Caretta is widely distributed and found in tropical and subtropical 
oceans of the world (Dodd 1988; Bolten & Witherington 2003). The breeding aggregations of 
loggerhead sea turtle include Africa-Mozambique, Oman, Sri Lanka, Japan, U.S.A. and Australia 
(Baldwin et al. 2003; Limpus & Limpus 2003). Genetic studies indicate there is little or no 
interbreeding between these major breeding aggregations (Bowen et al. 1993; Bowen 2003; Limpus 
2008a), suggesting the genetic stock of loggerhead sea turtle is unique to regional breeding 
locations. In Australia, two genetically distinct breeding stocks have been identified: an eastern 
Australian population and western Australian population (Baldwin et al. 2003; Limpus & Limpus 
2003). If one breeding stock becomes extinct, it would be difficult to repopulate this area from other 
genetic stocks. In order to preserve the genetic diversity of loggerheads, it is necessary to protect 
each of the different stock populations. 
 
The nesting season of loggerhead turtles in Australia typically commences in late October, reaching 
a peak in late December and ends in early March (Limpus 1985). For the east coast Australian 
nesting population, the mean nest depth is 33.1 cm to the top of the eggs and 57.9 cm at the bottom 
of eggs, and clutch size averages 120 eggs and incubation period varies with incubation temperature 
typically from 50 days at high temperatures to 80 days at low temperatures (Limpus 2008a). As 
with other species of sea turtle, the sex ratio of hatchlings is dependent on nest temperature (Godley 
et al. 2001; Wibbels 2003; Valenzuela & Lance 2004) with high nest temperatures producing more 
females while low temperatures generate more males (Wibbels et al. 1999; Wibbels 2003). The 
pivotal temperature (1:1 hatchling sex ratio) of loggerhead turtle varies between different genetic 
stocks, and is 28.6ºC for the eastern Australian stock (Limpus et al. 1985).   
 
Loggerhead turtle nest predators in South East Queensland  
Loggerhead turtle nest predators in South East Queensland include dingo or wild dog (Canis lupus), 
monitor lizards (Varanus spp), and the introduced red fox (Vulpes vulpes) (Limpus, 2008a). The 
most significant predator of South East Queensland loggerhead nests in the last 50 years has been 
the red fox (Limpus, 2008a). Fox predation of loggerhead turtle nests increased from the mid 1900s 
and had increased to such high levels by the late 1960s-early 1970s that hatching success was 
significantly decreased (Limpus, 2008a). Although the predation rate was high at some mainland 
rockeries, there was no significant predation problem on the Great Barrier Reef coral cay rookeries 
(Limpus, 2008a). Management strategies introduced in the late 1970s and continued since then have 
decreased nest predation caused by foxes (Limpus 2008a). Throughout this period nest predation by 
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monitor lizards has been low relative to fox predation Limpus (2008a). Because there is no hard 
data or management plan in reference to monitor lizard predation of loggerhead turtle nests at 
present, investigating the predatory behaviour and general ecology of monitor lizards adjacent to 
rookeries has been recommended (Limpus 2008a). Blamires (2003, 2004) reported that the 
yellow-spotted goanna Varanus panoptes preyed on flatback turtle (Natator depressus) eggs at Fog 
Bay, Northern Territory, Australia. However, no studies have reported which monitor lizard species 
depredate loggerhead turtle nests at mainland beaches in Queensland. The yellow-spotted goanna 
and lace monitor (Varanus varius) are likely to be the main monitor lizards attacking loggerhead 
nests because of their distribution along the coastline and ability to dig holes while foraging 
(Cogger 1993).  
 
Loggerhead turtle nest predation history at Wreck Rock Beaches 
The Wreck Rock Beaches (22km) are adjacent to Deepwater National Park (24°15’ 40” - 24°21’ 
39”S and 151°53’ 28” - 151°58’ 27” E) and have supported significant nesting aggregations for 
green (Chelonia mydas), flatback (Natator depressus) and loggerhead (Caretta caretta) turtle for 
decades (Limpus 2008a; 2008b; 2008c). Historically a few leatherback turtles (Dermochelys 
coriacea) nested at this location but no nesting of this species has been recorded since the 
mid-1990s (Limpus 2008d). Wreck rock is the largest mainland loggerhead rookery outside of the 
Woongara coast in Queensland (Limpus 2008a). Predators of sea turtle nests in this region include 
foxes, dingoes and monitor lizards (Limpus 2008a). The first survey of nest fate at the Wreck Rock 
rookery started in 1968-1969, and reported that canids were the main predator of both eggs and 
hatchlings (Limpus 2008a). The following surveys taken from 1970 to 1985 indicated a large 
number of nests (90-95%) were destroyed by foxes (Limpus 1985; Limpus 2008a). From 1987 
onwards 1080 poison baits have been used to control fox predation and consequently the 1998-2004 
annual surveys reported low levels of sea turtle nest predation by foxes (Limpus 2008a). McLachlan 
et al. (2004) reported no fox predation of nests during the 2003-2004 nesting season, but they 
reported that two nests were predated by monitor lizards during this period. A recent nest survey 
(WWF-Australia 2013-2014) indicated that while fox predation of nests was minimal, 80% - 90% 
of nests were subjected to predation by monitor lizards. These findings suggest that monitor lizards 
were heavily impacting loggerhead hatchling recruitment from this rookery. Woodford (2012) found 
1080 baits are not effective in removing lace monitors. In addition, because monitor lizards are a 
protected species in Australia, it is not legal to control their population by using poison baits, 
trapping or shooting. Clearly, if the Wreck Rock loggerhead turtle rookery is to continue to be 
viable in the long-term, some form of monitor lizard management strategy is needed to reduce the 
nest predation rate to a sustainable level which is probably 10 - 20 % of nests (Chaloupka and 
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Limpus 2002). Before such a strategy is developed information on the general biology of monitor 
lizards in this region is needed. For example, it is not known if just one or two individuals in the 
local vicinity are responsible for sea turtle nest predation, or multiple individuals from the wider 
area are involved. These scenarios would require very different management strategies to improve 
turtle recruitment on this and other nesting beaches where monitor lizards are present. 
 
The natural history of the monitor lizards Varanus varius and Varanus panoptes 
The lace monitor Varanus varius, is a large and powerful diurnal carnivorous scavenger that 
inhabits the lowland forests of south-eastern Australia (Weavers 1989), that can grow up to 14 kg 
(2.1 m in total length; Weavers 1988; Steve & Gerry 2010). Lace monitors are characterized by a 
long and slender but muscular body, a long slender snout, a long deeply forked tongue, dark grey to 
back basal portion with many scattered cream spots (normal form) or broad banded with cream and 
black on basal portion (bell’s form) of body and tail (King & Green 1999; Wilson & Swan 2010). 
The breeding season of lace monitors occurs from late spring through summer with females laying 
clutches of 6-12 eggs in termite mounds, particularly those found in trees (Carter 1992). Greer 
(1989) reported lace monitors live approximately 20 years and feed on a wide range of endemic and 
exotic mammals, birds, and reptiles, and also scavenge carcasses (Metcalfe & Jones 2012). 
However, there have been no published reports of lace monitors predating sea turtle nests.  
 
Lace monitors have relatively high aerobic exercise capability (Bartholomew & Tucker 1964) 
reflecting their active foraging lifestyle on the ground and also in trees. Weavers (1993) reported the 
home range of male lace monitors to be 0.65 ± 0.34 km2, while Fiorenzo (2002) reported the 
home range to vary with body size from 1.075 km2 to 3.87 km2 with larger, heavier-bodied goannas 
having larger home ranges. Season also affects home range, with a greater home range in summer 
compared to spring, autumn and winter (Fiorenzo 2002). Both these studies were conducted in 
inland forest areas, so it is unknown if foraging behaviour and home range will be similar in a 
coastal habitat.  
 
The yellow-spotted goanna Varanus panoptes, is a large and powerful diurnal predator that inhabits 
a large variety of biomes in the Northern Territory, Queensland, Western Australia and southern 
New Guinea (Shine 1986; Cogger 1993). The size of yellow-spotted goanna is sex dependent, with 
females growing up to 0.9 m in total body length, and males growing up to 1.4 m (Cogger 1993). 
Yellow-spotted goannas are characterized by the skin having a background of brown or dark tan 
with many yellow spots (Cogger 1993). The breeding season of the yellow-spotted goanna occurs 
from late spring through summer with females laying clutches of 6-13 eggs (Cogger 1993). This 
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species spend a sizable portion of their time in burrows and therefore burrow abundance has been 
used to estimate the core area of this species (Blamires 2004). Yellow-spotted goannas feed on a 
wide range of prey, including insects, crabs, reptiles, mammals and ground nesting bird eggs and 
sea turtle eggs in coastal habitats (Macnae 1968; Shine 1986). Christian et al (1995) found the diet 
of yellow-spotted goannas in woodlands included various insect and small lizards, and that their 
movement activity during the dry season was high, which was probably related to low prey 
abundance. Blamires (2004) reported that a coastal population of yellow-spotted goannas inhabiting 
the dunes at Fog Bay eat crustaceans, insects, reptiles and mammals, but the diet was dominated by 
flatback turtle eggs during the sea turtle nesting season.  
 
Quantifying monitor lizard activity 
For some animal species, it is difficult to estimate population density by standard census methods 
such a mark and recapture (Engeman & Allen 2000) because of large home ranges, rough terrain 
habitats, relatively sparse populations and/or difficulty in capturing or making direct observations 
(Pelton & Marcum 1977). To overcome these problems, Engeman & Allen (2000) developed and 
refined a passive tracking index (PTI) for monitoring wild carnivores species which is simple and 
quickly applied in the field, but can also provide accurate information reflecting activity changes 
over time or space. A previous study has used the PTI method to study olive ridley turtle 
(Lepidochelys olivacea) nest predation in Alas Purwo National Park, Banyuwangi (East Java), 
Indonesia and found the monitor lizard Varanus salvator was the most common nest predator with a 
Passive Activity Index (PAI) of 1.27 in 2009 and 1.41 in 2010 indicating a small increase in monitor 
lizard beach activity from 2009 to 2010 (Maulany 2012).  
 
Movement and habitat utilisation by monitor lizards 
Home range is defined as the total area in which an animal lives and travels, including food 
gathering, mating and caring for its young (Burt 1943). However, it is difficult to track the 
movements of free-ranging animals because it requires considerable time and effort to monitor 
multiple individual at all times of day and in all areas they might occupy (Anderson 1982; Blamires 
1999). Body mass, sex, reproductive strategy, food abundance and foraging mode are attributes 
known to influence the home range of lizards (Rose 1982; Christian & Waldschmidt 1984). It is 
difficult to evaluate monitor lizard home range accurately within a short time because most monitor 
lizards forage widely (Thompson 1994). Therefore, measuring a portion of the home range has been 
adopted in several studies (Thompson et al. 1999). Activity area, a subset of home range, is defined 
as a portion of the home range which the monitor lizard could be observed during a defined period 
(Thompson 1994; Thompson et al. 1999). The core area can also be identified as the area that 
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monitor lizards most frequently occupy, calculated as ≥ 50% of all observations or captures 
(Auffenberg 1981, 1988). Monitor lizard activity area size varies from 0-0.02 km2 for the arboreal 
Varanus olivaceus (Auffenberg 1988) to around 4 km2 for the V. komodoensis (Auffenberg 1981), 
however, long-term observation is needed because it is difficult to distinguish foraging area, core 
area and home range (Auffenberg 1981, 1988).  
 
Monitor lizard foraging behaviour has a significant effect on the size of the activity area 
(Auffenberg 1981, 1988). Foraging area of different monitor lizard species varies greatly, for 
example, some large species of monitor lizard travel 1 km day-1 while foraging (King 1977; 
Auffenberg 1981; Pianka 1994), while distances of no more than 0.2 km day-1 may be covered by 
some arboreal or smaller species of monitor lizard (Thompson 1999). In addition, the food 
abundance in an area is also an important factor influencing the foraging area due to the caloric 
return from prey and foraging time (Charnov et al. 1976).  
 
Some specific behaviours of monitor lizards may cause increases in the activity area at different 
times of the year. For example, some female monitor lizard species extend their daily distance travel 
to search for termite mounds in which to lay their eggs (Carter 1994) and some arboreal species 
travel large distances to occupy particular roost sites (Thompson et al. 1999). Other species use 
particular thermoregulation areas which may be long distances away from their core area 
(Auffenberg 1981; Auffenberg 1988). In addition, Phillips (1995) and Thompson et al. (1999) report 
male monitor lizards have a greater activity area than females during the breeding season in order to 
seek out mates.  
 
Prey detection by monitor lizards 
The two most important ways that lizards detect their prey are visual and chemosensory (William 
and Cooper 1989). For example, some autarchoglossan species use visual cues to find food 
(Burghardt, 1964; Cooper, 1981; Nicoletto, 1985), whereas North American Eumeces use 
chemoreception to find prey (Loop & Scoville, 1972; Burghardt, 1973) 
 
The importance of chemical senses in prey detection has been well investigated in many lizard 
species during the past decades (Loop & Scoville, 1972; Burghardt, 1973; Dial, 1978; Vitt & 
Cooper 1986; Cooper 1989; Ammanna 2014). Autarchoglossan lizards such as Anguidae, 
Lacertidae, Teiidae, Scincidae, and Varanidae are highly sensitive to prey odors (Burghardt, 1973; 
Auffenberg, 1981). Varandidae and Teiidae lizards have slender modified forked tongues which are 
used to detect prey odours through the vomeronasal olfactory system (Vitt & Cooper 1986; Cooper 
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1994; Cooper et al. 2000). Varanid lizards are active foragers and very adept at detecting the 
olfactory cues because they relied on the tongue flicking phenomenon to transfer olfactory cues to 
the specialized chemosensory Jacobson’s organ (Blamires & Guinea 1998; King & Green 1999; 
Vincent & Wilson 1999). Two species of varanid lizards are known to predate sea turtle nests, 
flatback turtle (Natator depressus) nests are predated by yellow-spotted goanna Varanus panoptes 
(Blamires 2004), and olive ridley turtle Lepidochelys olivacea nests are predated by water monitors 
V. salvator (Maulany 2012). However, it is unclear if predation of nests is greatest immediately after 
nests are constructed or after nests have hatched but hatchlings are yet to escape the nest because 
cues (visual and olfactory at nest construction, and olfactory at the end of incubation) are most 
obvious at these times. 
 
Significance and aims of study 
This study has two major aims (1) quantification of monitor lizard predation of loggerhead sea 
turtle nests and the investigation of nest protection methods, and (2) quantification of activity and 
movement patterns of monitor lizards in a coastal habitat. The protection of sea turtle nests from 
predation has been the focus of many conservation efforts around the world, due to the high 
susceptibility of nests to predation. While studies have evaluated nest management methods for a 
wide range of turtle nest predators, no studies have developed a successful management strategy 
against nest predation by monitor lizards. Development of a viable monitor lizard protection 
strategy would therefore be a significant advance in sea turtle conservation management. 
 
Although studies have investigated the diet, home range and field metabolism of monitor lizards 
(e.g. Weavers 1989, 1993; Fiorenzo 2002), little is known about their spatial ecology in coastal 
regions. Furthermore, no studies have investigated their biology adjacent to sea turtle nesting 
beaches. This study makes a significant new contribution to monitor lizard biology by studying 
activity patterns and space utilisation in a coastal habitat.  
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CHAPTER 2 
 
Who are the important predators of sea turtle nests at Wreck Rock beach? 
 
Abstract 
Excessive sea turtle nest predation is a problem for conservation management of sea turtle 
populations. This study assessed predation on nests of the endangered loggerhead sea turtle (Caretta 
caretta) at Wreck Rock beach adjacent to Deepwater National Park in Southeast Queensland, 
Australia after a control program for feral foxes was instigated. The presence of predators on the 
nesting dune was evaluated by tracking plots (2 × 1 m) every 100 m along the dune front. There 
were 21 (2014-2015) and 41 (2015-2016) plots established along the dune, and these were 
monitored for predator tracks daily over three consecutive months in both nesting seasons. Predator 
activities at nests were also recorded by the presence of tracks on top of nests until hatchlings 
emerged. In addition, camera traps were set to record the predator activity around selected nests. 
The tracks of the fox (Vulpes vulpes) and goanna (Varanus spp) were found on tracking plots. 
Tracking plots, nest tracks and camera traps indicated goanna abundance varied strongly between 
years. Goannas were widely distributed along the beach and had a Passive Activity Index (PAI) 
(0.31 in 2014-2015 and 0.16 in 2015-2016) approximately seven times higher than that of foxes 
(PAI 0.04 in 2014-2015 and 0.02 in 2015-2016). Five hundred and twenty goanna nest visitation 
events were recorded by tracks but no fox tracks were found at turtle nests. Camera trap data 
indicated that yellow-spotted goannas (Varanus panoptes) appeared at loggerhead turtle nests more 
frequently than lace monitors (V. varius) did, and further that lace monitors only predated nests 
previously opened by yellow-spotted goannas. No foxes were recorded at nests with camera traps. 
This study suggests that large male yellow-spotted goannas are the major predator of sea turtle nests 
at the Wreck Rock beach nesting aggregation and that goanna activity varies between years 
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Introduction 
Sea turtles are oviparous and construct their nests on dunes adjacent to the beach where embryos 
take about two month to incubate. Sea turtle hatchling nest emergence success is determined by nest 
temperature, salinity, humidity, water inundation and predation (Fowler 1979; Miller 1985; Reid 
Margaritoulis & Speakman, 2009). During incubation, a wide range of predators may attack sea 
turtle nests and have a significant effect on hatchling recruitment and thus long-term population 
persistence (Stancyk 1995). At many beaches, nest predation is the main cause of hatch failure of 
sea turtles with some regions reporting more than 50% of nests being destroyed by predators (e.g., 
Fowler 1979; Blamires & Guinea 1998; Blamires, Guinea & Prince, 2003; Maulany 2012; 
McLachlan et al. 2015). A large variety of non-human species have been reported as sea turtle nest 
predators including, fire ants (Solenopsis invicta), crabs (Ocypode cursor), turkey vultures 
(Cathartes aura), black vultures (Coragyps atratus), coatis (Nasua narica), raccoons (Procyon 
lotor), dogs (Canis familaris), red foxes (Vulpes vulpes), golden jackals (Canis aureus), mongooses 
(Herpestes javanicus), snakes (Oligodon formosanus) and goannas (Varanus spp) in different 
regions of the world (Stancyk, Talbert & Dean, 1980; Mora & Robinson 1984; Brown & Macdonald 
1995; Frick, 2003; Leighton et al. 2008). In Australia, sea turtle nest predators include several 
species of native goanna, the native dingo (Canis lupus) and the introduced fox (Vulpes vulpes), pig 
(Sus scrofa) and wild dog (Canis familaris) (Limpus 1978; Limpus & Fleay 1983). In particular, fox 
predation of sea turtle nests along the east Australian coast has been problematic and therefore a 
major focus of sea turtle conservation programs (Limpus 1978; Limpus & Fleay 1983; Limpus 
2008). 
 
A significant number of loggerhead turtles nest at Wreck Rock beach adjacent to Deepwater 
National Park, Queensland, Australia (~400 nests per season, Limpus 2008). Predators of sea turtle 
nests at Wreck Rock beach include foxes, dingoes and goannas (Limpus 2008). The fox predation of 
loggerhead turtle nests continued to increase from a modest level when monitoring commenced in 
1968–1969 to 90-95% in the mid-1970s (Limpus 2008). From 1987 onwards, 1,080 poison baits 
have been used to control fox predation (Limpus 2008), but a recent nest survey (McLachlan et al. 
2015) indicated that while fox predation of nests was minimal, a large number of nests were 
predated by goannas. The lace monitor (Varanus varius) and yellow-spotted goanna (Varanus 
panoptes) are likely to be the main goannas attacking loggerhead nests because of their distribution 
along the coastline and ability to dig holes while foraging (Cogger 1993). However, the relative 
activity levels and impact of these species on loggerhead turtle nests at Wreck Rock beach remain 
unknown. 
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Despite the anecdotal evidence that foxes and more recently goannas predate a significant number 
of sea turtle nests at Wreck Rock beach (Limpus 2008; McLachlan et al. 2015), no quantitative 
study of sea turtle nest predation has been conducted at this important nesting beach, and it is not 
known what species of goanna is responsible for predation. Therefore, the aim of this study was to 
fill this knowledge gap by quantifying goanna and fox activity on nesting dunes during the sea turtle 
nesting season at Wreck Rock beach. Three methods were used to achieve this aim. Firstly, tracking 
plots were used to monitor general activity levels of goannas and foxes along the dunes where sea 
turtles construct their nests. Secondly, turtle nests were inspected every day until turtle hatchlings 
emerged in order to record the activities of predators at the nest. Thirdly, camera traps were used to 
capture predator activity at sea turtle nests so that I could identify which species of goanna was the 
main predator of these nests. 
 
Methods  
Study site and nest marking 
This study was conducted along the beach for 3 km immediately to the north and south of Wreck 
Rock adjacent to Deepwater National Park, Southeast Queensland (24°18’ 58 S, 151°57’ 55” E) 
(Fig. 2.1). This section of the beach is marked by numbered stakes every 100 m for ease of marking 
and relocating nests. The beach was monitored nightly by personnel from Turtle Care Volunteers 
Queensland Inc. to record the presence of emerging female turtles and successful nesting activities. 
When a nest was located, its position was marked by a red ribbon attached to a small stake and 
recorded using a handheld GPS (Garmin eTrex 30; Kansas, USA). All work was approved by a 
University of Queensland Animal Ethics Committee (permit #SBS/352/EHP/URG) and conducted 
under Queensland Government National parks scientific permit # WITK15315614. 
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Figure 2.1. Image of study area. A: Location of study site, Wreck Rock beach adjacent to Deepwater 
National Park, Queensland, Australia. B: The locations of the loggerhead turtle nests monitored 
during the 2014-2015 nesting season. C: The locations of the loggerhead turtle nests monitored 
during the 2015-2016 nesting season. Shaded grey area indicates the section of beach monitored in 
this study. 
 
Tracking plots 
Tracking plots were used to estimate relative activity of predators during the peak sea turtle nesting 
time across two consecutive years (05/12/2014 to 04/03/2015 and 30/11/2015 to 28/02/2016). In 
2015-2016, these plots were also monitored for four days in April, a time when most sea turtle 
clutches had finished hatching. Twenty-one tracking plots (2 m × 1 m) in 2014-2015 and 41 in 
2015-2016, spaced 100 m apart, were set up on the primary dune (where most sea turtle nests were 
constructed). The plots extended along the dunes for 1 km (2014-2015) and 2 km (2015-2016) north 
and south of Wreck Rock camping area. The monitored area of a plot was marked by sticks placed 
at each corner of the plot and the plot’s location was recorded with a handheld GPS. Each plot was 
inspected daily during the afternoon (weather permitting), and the number of goanna and fox tracks 
recorded. After reading, plots were resurfaced using a rake to obliterate tracks, insuring the same 
tracks were not recorded on subsequent days. The activity of predators was quantified using the 
passive activity index (PAI) of Engeman, Allen & Zerbe (1998): 
PAI = 1
𝑑𝑑
∑ 1
𝑃𝑃𝑃𝑃
𝑑𝑑
𝑃𝑃=1 ∑ 𝑋𝑋𝑋𝑋𝑋𝑋
𝑃𝑃𝑃𝑃
𝑖𝑖=1       
where the Xij value represents the number of tracking plot tracks by an observed species at the ith 
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plot on the jth day; d is the number of days of inspection, and Pj is the number of plots contributing 
data on the jth day. PAI was calculated for each day throughout the study for statistical comparisons, 
and at 10-day intervals for graphical presentation of data. Because PAI data failed a Kolmogorov–
Smirnov normally test, K-S d = 0.223, p < 0.01, n = 320; a non-parametric Kruskal-Wallis ANOVA 
by Ranks followed by a multiple comparison test was used to test for inter-species and inter-year 
differences in nest visitation rates. 
 
Nest monitoring 
Once a nest was located it was visited daily throughout the incubation period in order to identify 
predation events and the tracks of animals visiting nests. Each nest was inspected during the 
morning (weather permitting) and the number of goanna and fox tracks was recorded. At each visit, 
the sand surface on top of the nest was raked if predator tracks were present. Nest visitation rate 
was quantified as a percentage by dividing the number of days fresh tracks were found at a nest by 
the total number of nest inspection days (nest inspection days = total number of times a nest was 
inspected during the season until hatchlings emerged from the nest or until it was totally predated). 
Because goanna nest visitation data failed a Kolmogorov-Smirnov normally test, K-S d = 0.1442, p 
< 0.05, n = 121; a non-parametric Kolmogorov-Smirnov two sample test was used to test for 
inter-season differences in PAI. 
 
Camera traps 
Camera traps (Reconyx Hyperfire HC600, Holmen, Wisconsin, USA) were set up to capture images 
of predators visiting a sample of 12 loggerhead turtle nests (randomly selected) between 6 
December 2014 and 27 January 2015 and 30 nests (randomly selected) between 1 December 2015 
and 27 February 2016. Camera traps were at each nest for 25 days in 2014-2015 and 30 days in 
2015-2016. All camera traps were triggered by motion sensors and could be triggered 24 h per day. 
Camera traps were positioned 50 cm behind the selected turtle nests, at least 30 cm above ground. 
Each camera trap had a 1 m2 field of view over the nest insuring that any nest visitation by 
predators was recorded. This enabled information on the frequency, time of day and species to be 
collected. To compare the relative activity of goannas visiting nests each year and between years, I 
calculated the per-nest per-day visitation rate for camera trap monitored nests. For each nest the 
number of independent images (defined as taken at least 20 min apart; multiple images taken within 
20 min of each other were classified as a single visitation event) of goannas recorded at that nest 
was divided by the number of days the camera was set at that nest. Because camera trap per-nest 
per-day data failed a Kolmogorov-Smirnov normally test, K-S d = 0.292, p < 0.01, n = 84; a 
non-parametric Kruskal-Wallis ANOVA by Ranks followed by a multiple comparison test was used 
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to test for inter-species and inter-year differences in nest visitation rates. Circular statistics were 
used to analyze the time of day that nests were visited by yellow-spotted goannas and lace monitors. 
 
Non-parametric statistical analysis was performed using Statistica Ver 13.1 (Dell Inc., Rock Round, 
TX, USA) software, and circular statistical analysis was performed using Oriana Ver 4 (Kovach 
Computing Services, Isle of Anglesey, Wales, UK). 
 
Results 
Tracking plots 
Monitored tracking plots revealed tracks of two potential egg predators, goannas (lace monitors and 
yellow-spotted goannas combined as it was not possible to distinguish between the two species on 
the basis of their tracks alone) and foxes. Only a few dog tracks were identified in tracking plots 
during the course of the study. However, these dog tracks were most likely made by pet dogs 
accompanying tourists visiting the beach, and so have been excluded from analysis. 
 
During the first nesting season (05/12/2014 until 04/03/2015), 21 plots were monitored for 71 days 
with 466 goanna and 62 fox occurrences recorded (Table 2.1). During the second nesting season 
(05/12/2015 until 28/02/2016), 41 plots were monitored for 89 days with 535 goanna and 70 fox 
occurrences recorded (Table 2.1). There were differences in occurrence rates detected between 
goannas and foxes and years (Table 2.1), Kruskal–Wallis test: H (3, n = 320) = 180.065, p < 0.001. 
Multiple comparison tests indicated that goanna activity was approximately seven times greater 
than fox activity in both seasons, and goanna activity in 2014-2015 was approximately twice that in 
2015-2016, but fox activity was not different between the two seasons. During the 2014–2015 
nesting season, goanna activity on the dune front remained relatively constant throughout the season 
(Fig. 2.2). Fox activity was generally much lower than goanna activity from December through 
January, but there was a conspicuous increase in fox activity in February (Fig. 2.2). In the 
2015-2016 nesting season, goanna activity was relatively low in December, increased during 
January and February and decreased again at the end of February and was lowest in April at a time 
when most sea turtle nests had hatched. Fox activity remained low and relatively constant 
throughout the entire season (Fig. 2.2). 
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Table 2.1. Passive activity index (PAI) of goannas and foxes from dune tracking plots during the 
2014-2015 and 2015-2016 sea turtle nesting seasons at Wreck Rock beach. 
Nesting season 2014-2015 2015-2016 
Plots monitored 21 41 
Monitored days 71 89 
Goannas 
Total events recorded 
Daily PAI 
mean ± SD   
median, 25% - 75% quartile 
range 
 
466 
 
0.313 ± 0.217 
0.286, 0.143 - 0.423 
0.000 - 1.048 
 
535 
 
0.150 ± 0.104 
0.125, 0.075 - 0.200 
0.000 - 0.500 
Foxes 
Total events recorded 
Daily PAI 
mean ± SD 
median, 25% - 75% quartile 
range 
 
62 
 
0.042 ± 0.079 
0.000, 0.000 - 0.048 
0.000 - 0.381 
 
70 
 
0.020 ± 0.033 
0.000, 0.000 - 0.025 
0.000 - 0.175 
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Figure 2.2. Figure of nest predator activity index (PAI). Passive activity index (PAI, mean ± SD of 
10-day intervals) on the front dune at Wreck Rock Beach during the (A) 2014-2015 and (B) 
2015-2016 nesting seasons for goannas (diamonds) and foxes (triangles). Data represent the center 
of 10-day means. 
 
Table 2.2. Visitation rate of goannas (based on tracks found on top of nests) at loggerhead turtle 
nests (visits per-nest per-day) for the 2014-2015 and 2015-2016 sea turtle nesting seasons at Wreck 
Rock beach. 
Nesting season 2014-2015 2015-2016 
Nest monitored 52 46 
Monitored days 41 80 
Total events recorded 
Daily visitation rate 
mean ± SD   
median, 25% - 75% quartile 
range 
520 
 
0.336 ± 0.187 
0.312, 0.212 - 0.476 
0.000 – 0.882 
343 
 
0.110 ± 0.107 
0.087, 0.022 - 0.175 
0.000 - 0.455 
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Figure 2.3. Plot of the frequency of nest predation events against the time since nest construction 
and first goanna predation event for loggerhead turtle nests at Wreck rock beach. Solid diamonds 
2014-2015, open triangles 2015-2016.  
 
Nest monitoring 
During the 2014-2015 nesting season, 52 loggerhead turtle nests were monitored, and 57.7% of 
these nests were predated by goannas as indicated by burrows constructed into the nest egg chamber. 
During the 2015-2016 nesting season, 46 nests were monitored, and 17.4% of these nests were 
predated by goannas. No fox or other predators were observed to raid turtle nests in either season. 
During 2014-2015, 520 goanna nest visits (lace monitors and yellow-spotted goannas combined as 
it was not possible to distinguish between the two species on the basis of their tracks alone) were 
recorded while in 2015-2016, 343 nest visits were recorded (Table 2.2). Daily per-nest visits were 
approximately two times greater in 2014-2015 than in 2015-2016 (Kolmogorov-Smirnov two 
sample test, p < 0.001) (Table 2.2). Nests that were predated could be dug open for the first time at 
any time during the incubation period; there was no trend for the first nest attack to be associated 
with nest construction or nest hatching (Fig. 2.3). 
 
Camera traps 
Images from camera traps showed that goannas were the only predators to visit monitored nests; no 
images of foxes or wild dogs were recorded. All of the monitored nests had at least one image of a 
goanna visit during the deployment period, with 55 nest visitation events being recorded in the 
2014-2015 nesting season, 47 (85.5%) of these visitation events were made by yellow-spotted 
goannas and only eight (14.5%) were made by lace monitors (Table 2.3). The overall per-nest 
per-day visitation rate was 0.157 for yellow-spotted goannas and 0.027 for lace monitors (Table 2.3). 
Despite all camera traps being deployed by 20 December 2014, only two goannas appeared at nests 
in December 2014, but activity at nests increased sharply from the beginning of January 2015 (Fig. 
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2.4A). Eggs were seen to be consumed on 17 occasions (14 yellow-spotted goannas, 3 lace 
monitors). Yellow-spotted goannas were seen to open a nest for the first time on 17 occasions, but 
lace monitors were only ever seen to visit nests that had already been opened. In the 2015-2016 
nesting season, 107 goanna nest visiting events were captured, 87 (81.3%) of these visitation events 
were made by yellow-spotted goannas and only 20 (18.7%) were made by lace monitors (Table 2.3). 
The overall per-nest per-day visitation rate was 0.097 for yellow-spotted goannas and 0.022 for lace 
monitors (Table 2.3). Eggs were seen to be predated by yellow-spotted goanna on 6 occasions. No 
lace monitors were seen consuming eggs in this season. There were difference in visitations rates 
between monitored groups, Kruskal-Wallis test: H (3, n = 84) = 26.826, p < 0.001; with multiple 
comparison tests indicating that yellow-spotted goanna visitation rate was greater than lace 
monitors in both seasons, but there was no difference in inter-season visitation rate in either species. 
 
Table 2.3. The nest visitation rate (per-nest per-day) recorded by camera traps at nests during 
2014-2015 and 2015-2016 sea turtle nesting seasons at Wreck Rock beach. 
Nesting season 2014-2015 2015-2016 
Nests monitored 12 30 
Monitored days 25 30 
Yellow-spotted goannas 
Total events recorded 
Visitation rate  
mean ± SD   
median, 25% - 75% quartile 
range 
 
47 
 
0.157 ± 0.247 
0.060, 0.040 - 0.160 
0.040 - 0.920 
 
87 
 
0.097 ± 0.116 
0.050, 0.033 - 0.133 
0.000 - 0.467 
lace monitors 
Total events recorded 
Visitation events per nest per day  
mean ± SD 
median, 25% - 75% quartile 
range 
 
8 
 
0.027 ± 0.049 
0.000, 0.000 - 0.040 
0.000 - 0.160 
 
20 
 
0.022 ± 0.029 
0.000, 0.000 - 0.033 
0.000 - 0.100 
 
36 
 
  
 
 
Figure 2.4. Time and date of goanna appearances at loggerhead turtle nests as determined from 
camera trap records. Triangle, yellow-spotted goannas, Diamond, lace monitors. (A) Three hundred 
camera days (12 cameras set for 25 days each) during the 2014-2015 season. (B) Nine hundred 
camera days (30 cameras set for 30 days each) during the 2015-2016 season. 
 
Goannas visited nests at any time of the day between 8:00 and 18:00 (Figs. 2.4A and 2.4B). 
Combining data from both seasons, and plotting the data separately for yellow-spotted goannas and 
lace monitors revealed that yellow-spotted goannas had a bi-modal nest visitation pattern, with a 
peak in activity in the morning between 7:00 and 11:00, 8:57 ± 1:10 (mean ± circular standard 
deviation) and again in the afternoon between 13:00 and 16:00, 15:10 ± 0:50, while the most 
frequent time for visits by lace monitors was in the afternoon between 15:00 and 17:00, 15:46 ± 
0.50 (Fig. 2.5). A Watson–Williams F-test (F1, 154 = 11.792, p < 0.001) confirmed that when 
considering all nest visitation data, the mean time of lace monitor visits (13:38 ± 2:53, n = 29) was 
later than yellow-spotted goanna visits (11:27 ± 3:00, n = 129). 
 
37 
 
Time of day
6:
00
-6
:5
9
7:
00
-7
:5
9
8:
00
-8
:5
9
9:
00
-9
:5
9
10
:0
0-
10
:5
9
11
:0
0-
11
:5
9
12
:0
0-
12
:5
9
13
:0
0-
13
:5
9
14
:0
0-
14
:5
9
15
:0
0-
15
:5
9
16
:0
0-
16
:5
9
17
:0
0-
17
:5
9
18
:0
0-
18
:5
9
C
ou
nt
0
5
10
15
20
Yellow-spotted goanna
Lace monitor
 
Figure 2.5. The number of images of goannas taken by camera traps set at loggerhead turtle nests at 
Wreck Rock beach in relation to time of day that images were recorded. 
 
An entire nest opening sequence was recorded on 23 Jan 2015. A large yellow-spotted goanna first 
began digging at 14:12 (Fig. 2.6A). It reached the egg chamber and consumed the first egg at 14:28 
after 16 min of continuous digging activity (Fig. 2.6B). Turtle eggs were swallowed intact, one at a 
time, by the goanna rather than being opened and having their contents licked out (Fig. 2.6C). This 
goanna stopped feeding and left the nest at 16:56 after almost 2.5 h of feeding and having consumed 
eight eggs. 
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Figure 2.6. A Yellow-spotted goanna opening and consuming eggs from a loggerhead turtle nest on 
23-Jan-2015. Photos were captured by a camera trap. (A) Start of digging, (B & C), removal and 
consumption of the first egg. 
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Discussion 
Nest predation decreases the recruitment of hatchlings and has become an important challenge for 
the conservation of egg-laying reptiles (Leighton, Horrocks & Kramer 2010). Hence, understanding 
the activity of predators adjacent to endangered reptilian species breeding aggregations is important 
for designing conservation strategies. The daily checking for predator tracks on nests and the 
deployment of tracking plots and camera traps allowed me to continuously monitor activities of nest 
predators adjacent to a loggerhead turtle nesting beach. There were two significant results from the 
study that provide new insights into goanna predation of sea turtle nests. First, camera trap data 
indicated that yellow-spotted goannas are the most frequent visitors and predators of sea turtle nests 
at Wreck Rock beach and were the only species observed to open nests, suggesting they are the 
main cause of nest predation. Second, the nest predation rate and activity of goannas on the nesting 
dune varied by a factor of two between the two seasons that I studied. 
 
Predator activities at nests 
Camera traps allowed me to explore the loggerhead turtle nest predator species, predation time and 
behaviour of predators while at nests. Yellow-spotted goannas were the most frequent visitors and 
predators of sea turtle nests in this study. Large adult yellow-spotted goannas have the ability to dig 
up sea turtle nests and swallow turtle eggs intact, suggesting future management strategies should 
target these individuals. Indeed, no lace monitors were observed to open sea turtle nests directly, 
they were only observed predating nests that had already been opened by yellow-spotted goannas. 
Hence, lace monitors appear to be opportunistic nest predators on this beach. Lace monitors are 
frequently arboreal and are equipped with long, recurved claws that facilitate climbing (Cogger 
1993). Such claws are not particularly useful for digging and may explain why they did not open 
nests. Using GPS tracking methodology, Lei & Booth (2015) (Chapter 5) reported yellow-spotted 
goannas use the beach dunes more than lace monitors and are therefore more likely to predate sea 
turtle nests than lace monitors. Moreover, camera traps did not record foxes at nests, and no fox 
tracks were observed over nests during this study indicating that the fox baiting program deployed 
by park managers is currently effective at inhibiting fox predation of sea turtle nests at Wreck Rock 
beach. 
 
Although camera trap records indicated that sea turtle nests were visited by yellow- spotted goannas 
at any time of day between 7:00 and 17:30, visits were most frequent in the morning and afternoon 
with a distinct lull during the middle of the day. This reflects the general activity pattern of 
yellow-spotted goannas as recorded by GPS tracking data (Chapter 5). It would appear that the 
midday heat suppresses the foraging activity of yellow-spotted goannas, and this may be 
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particularly so in the beach dune area where there are no trees to provide shade. In contrast, 
although the data is far less numerous, lace monitors had a single peak in sea turtle nest visiting 
activity, and this was late in the afternoon, typically after the peak afternoon yellow-spotted goanna 
nest visiting time. Hence, lace monitors may arrange their nest visiting times to avoid interacting 
with yellow-spotted goannas. Further investigation of this possibility is needed. 
 
Doody et al. (2014) and Doody et al. (2015) reported that yellow-spotted goannas can dig warren 
complexes that required removal of sand from up to 3 m deep and that both males and females 
contribute to warren excavation. Hence, the job of digging into a sea turtle nest which is 
comparatively shallow (40-80 cm), should be relatively easy as evidenced by it requiring only 16 
min of digging to gain access to eggs in one of my monitored nests. My camera trap images 
indicated that yellow-spotted goannas normally dug into the nest at an angle from one side of the 
nest to reach the nest chamber rather than digging a hole vertically downwards from directly above 
the nest. Hence, when covering a nest with mesh as a management strategy used to deter nest 
predation, the mesh must be relatively large in area (at least 1 × 1 m) to prevent yellow-spotted 
goanna burrowing into the nest (Chapter 4). Turtle nest predation rate is likely dependent on cues 
left by the female turtle (e.g., visual, tactile, and olfactory), and many predators have the ability to 
detect these cues (Van der Wall 1998; Van der Wall 2000; Geluso 2005; Leighton, Horrocks & 
Kramer 2009). Goannas use their forked tongue to transfer olfactory cues to the specialized 
chemosensory Jacobson’s organ and so are adept at using olfactory cues to find prey (Blamires & 
Guinea 1998; King & Green 1999; Vincent & Wilson 1999). I found that once a turtle nest was 
opened, this nest was continually predated over subsequent days by multiple yellow-spotted 
goannas. 
 
I suspected that goannas might attack sea turtle nests more frequently immediately after their 
construction, or after hatching at the end of incubation. These expectations were based on the idea 
that sand disturbance and the smell of the female and or newly laid eggs around the sand might give 
clear clues to foraging goannas immediately after nest construction, and that the smell of egg fluids 
released during the hatching process might also attract goannas at the end of incubation. This was 
not what I observed; a nest was equally likely to be attacked for the first time at any time during 
incubation. I do not know why this is the case, particularly as goannas crawled over the top of some 
nests several times during incubation without attacking them, and then at a later date these nests 
were attacked. One possibility might be that ghost crabs (Ocypode ceratophthalmus and O. 
cordimanus) which are numerous on the nesting beach and frequently burrow into sea turtle nests, 
cause the release of ‘incubating egg odor’ which then attracts goannas (this hypothesis is tested in 
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Chapter 3). 
 
 
Predator activity 
Based on the PAI analysis of tracking plot data, the activity of goannas was higher than that of foxes, 
suggesting that goannas are the main predator of sea turtle nests at Wreck Rock beach, a conclusion 
also supported by nest track and camera trap data. I found that all of my monitored nests were 
visited by goannas and that between 17% (2015-2016) and 58% (2014-2015) of nests were opened 
by yellow-spotted goannas. Goanna predation of nests had previously been reported as greater than 
50% at this beach (McLachlan et al. 2015). It is unclear whether goanna predation of sea turtle nests 
was this high at Wreck Rock beach during pre-European settlement times or whether more recent 
perturbations have led to increased nest predation in recent times. During the 1970s-1990s goanna 
predation of sea turtle nests at this location was not detected, but fox predation of nests was high, 90% 
of nests being predated in the 1970’s and up until 1987 (Limpus 2008). From 1987 onwards, a fox 
baiting program reduced fox predation on sea turtle nests to negligible levels (Limpus 2008). 
Goanna predation of sea turtle nests was first reported in the 2003-2004 nesting season when two 
nests were predated (Limpus 2008), and since then goanna predation of sea turtle nests has 
increased so that over 50% of sea turtle nests were being attacked by goannas in the 2013-2014 
season (McLachlan et al. 2015). Hence, the reduction in fox numbers may have also resulted in an 
increased recruitment of yellow-spotted goannas (because red foxes probably also predated 
yellow-spotted goanna nests) to historically high levels. However, before European settlement and 
the introduction of foxes, hunting of goannas by native people may have kept the density of 
goannas on the frontal dunes at a low level. 
 
Goanna activity in 2014-2015 was twice as high as in 2015-2016, as was the nest predation rate. 
This suggests that nest predation is positively correlated with goanna activity. Maulany (2012) 
reported that olive ridley turtle nests suffered 100% predation by monitor lizards at a beach adjacent 
to Alas Purwo National Park, Banyuwangi (East Java), Indonesia, which had high monitor lizard 
activity (PAI = 1.27 in 2009, 1.41 in 2010). This finding also suggests that goanna activity on dunes 
is a good predictor of intensity of goanna predation on sea turtle nests. 
 
Fox activity increased at the end of the 2014-2015 nesting season. Typically the park mangers fox 
bait twice during the sea turtle nesting season, once in early December and again in early February. 
In 2014-2015 the February baiting was missed, so any foxes that might have moved into the beach 
area after the December baiting were not removed. However, in the 2015-2016 season, the early 
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February fox baiting probably maintained fox activity at low levels. 
 
The goanna predation rate of sea turtle nests in 2014-2015 was twice that in 2015-2016, and it 
correlated with an increase in goanna activity on the dune. The nest visitation rate by recording 
tracks on nests in 2014-2015 was nearly twice that in 2015-2016. These results suggested goanna 
activity on the dune in 2014-2015 was higher than in 2015-2016. However, it remains unclear why 
goanna activity and sea turtle nest predation rate varied so greatly between the two nesting seasons. 
Because of the strong inter-annual differences in predator indices over two years, additional years of 
research are needed to determine the long-term average predation rate and its implications for turtle 
hatching success. 
 
Implications for management 
Chapter 4 compares different methods of directly protecting sea turtle nests against goanna 
predation and found that deploying the plastic mesh on the top of turtle nests was the most effective 
and economic method of direct protection. Combined with my observations of digging behaviour of 
yellow-spotted goanna captured on camera traps, I suggested that plastic mesh needs to be at least 1 
× 1 m to prevent yellow-spotted goannas digging into the nest chamber. In addition, camera trap 
data indicated turtle nest predation activities happen any time between 7:00 and 17:00, suggesting 
that nest protection should be deployed in the early morning following the night that nests are 
constructed. More management strategies such as temporary removal of large male yellow-spotted 
goannas or egg relocation should be investigated in the future to counteract the loss of sea turtle 
nests to yellow-spotted goanna predation. 
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CHAPTER 3 
 
How do goannas find sea turtle nests? 
Abstract 
Squamate reptiles rely heavily on visual and chemical cues to detect their prey, so I expected yellow 
spotted goannas (Varanus panoptes) which are predators of sea turtle nests on mainland beaches in 
northern Australia would use these cues to find sea turtle nests. Ghost crabs (Ocypode 
ceratophthalmus and Ocypode cordimanus) are also common on Australian sea turtle nesting 
beaches and frequently burrow into sea turtle nests. However, the potential for ghost crab burrowing 
activity at sea turtle nests to signal the location of a nest to goannas has not been investigated. Here 
I used camera traps and presence of tracks at nests to record goanna activity around selected nests 
during the incubation period and 10 days after hatchling turtles emerged from their nests. I also 
recorded the number of ghost crab burrows around nests to evaluate ghost crab activity. My results 
indicated that nest discovery by goannas was independent of nest age, but that the nest visitation 
rate of goannas and crabs increased significantly after a nest had been opened by a goanna or after 
hatchlings had emerged from the nest. There was no apparent connection between ghost crab 
burrows into a nest and the likelihood of that nest being predated by goannas. 
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Introduction 
Understanding interspecific relationships is an important part of ecological research, particularly 
relationships between predators and prey, and interactions between predators that prey on the same 
species (Krebs 1972). When different predators prey on the same species, one predator species may 
provide a cue signaling the location of prey to the other predator species, particularly when food 
sources become sparse (Hebshi et al. 2008). For example, some scavenging mammals such as 
hyaenas (subfamily Hyaeninae) watch the activities of vultures (family Accipitridae) and run 
towards the areas where they see vultures descending and then take over the carcass (Houston 1974). 
In another example, human hunters follow honey-guide birds (genus Prodotiscus) to locate and 
open beehives (Spottiswoode et al. 2016). However, I do not know of any studies describing this 
signaling phenomenon between different predators that involves reptiles.  
 
Prey detection by lizards has been extensively studied (Nicoletto 1985; Vitt and Cooper 1986; 
Cooper 1989; Cooper 1994; Cooper et al. 2000; Hoare et al. 2007; Martin 2010) and the major 
senses used to detect prey are visual and olfactory (William & Cooper 1989). In diurnally active 
insectivorous species, movement by prey is the major way in which prey are detected (Burghardt 
1964; Cooper 1981; Nicoletto 1985). However, olfaction can also be important, particularly in 
species that hunt ‘hidden prey’ buried in leaf litter or soil which are not visible to a lizard moving 
along the substrate’s surface (Milstead 1957; Pianka 1970; Mitchell 1979; Vitt & Cooper 1986).  
 
Autarchoglossan lizards such as Anguidae, Lacertidae, Teiidae, Scincidae and Varanidae have a 
well-developed olfactory sensory system that is used in prey detection (Burghardt 1973; Auffenberg 
1981). Teiidae and Varanidae lizards have slender forked tongues which are flicked in and out of the 
mouth to sample chemical cues which are transferred to the specialized chemosensitive Jacobson’s 
organ located in the roof of the mouth which completes a vomeronasal olfactory system (Vitt & 
Cooper 1986; Cooper 1994; Cooper et al. 2000). Some of these lizards are able to locate buried 
prey by using this system to detect prey odors emanating through the substrate (Bogert & Del 
Campo 1956; Auffenberg 1984; Vitt & Cooper 1986). Varanid lizards are active foragers and adept 
at detecting olfactory cues using their vomeronasal olfactory system (Blamires & Guinea 1998; 
King & Green 1999; Vincent & Wilson 1999) and presumably use this system to locate hidden prey. 
For example, varanid lizards can be voracious predators of sea turtle eggs which are buried 20-80 
cm below the soil surface (Blamires 2004; Maulany 2012).  
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At Wreck Rock beach in southeastern Queensland, Australia, a varanid lizard, the yellow-spotted 
goanna (Varanus panoptes), is the most common predator of loggerhead turtle (Caretta caretta) 
nests when introduced red fox (Vulpes vulpes) predation is controlled (Chapter 2). Nests can be 
detected and attacked by goannas at any time during the incubation period (Chapter 2). At sea turtle 
nesting beaches, yellow-spotted goannas also consume ghost crabs (Ocypode spp.) (Blamires 2004). 
Ghost crabs are the most common crabs found on tropical and semitropical ‘ocean-exposed’ sandy 
beaches and are considered a significant predator of sea turtle nests (Le Buff 1990; Thompson 1995; 
Witherington 1999; Trocini et al. 2009). They are important bioturbators of beaches and form an 
important ecological link in the food webs of seashore ecosystems (Lucrezi & Schlacher 2014). 
Although several studies have reported that ghost crabs burrow into and predate sea turtle nests (Le 
Buff 1990; Thompson 1995; Witherington 1999; Trocini et al. 2009), there is no information about 
the connections, if any, between these decapods and other sea turtle nest predators.  
 
When burrowing into sea turtle nests, ghost crabs may release odors from the eggs or hatchlings in 
the nest to the atmosphere and thus attract the attention of predators such as goannas that use 
olfaction to track down potential food sources. Alternatively, goannas that predate ghost crabs by 
digging up their burrows may fortuitously discover a sea turtle nest if the ghost crab burrow is 
associated with a nest. In these ways ghost crabs may signal the location of sea turtle nests to 
goannas. 
 
In the current study I was interested in discovering when and how yellow-spotted goannas find sea 
turtle nests and tested three hypotheses. First, I hypothesized that the rate of goanna predation on 
sea turtle nests would increase as the nesting season progressed because as the number of nests 
increases more goannas in the area would become aware that this seasonal food source has become 
available. This hypothesis would be refuted if the nest predation rate remained constant throughout 
the sea turtle nesting season. Second, I hypothesized predation of nests would be greatest 
immediately after nests are constructed or after nests have hatched but hatchlings are yet to escape 
the nest because cues (visual and olfactory at nest construction, and olfactory at the end of 
incubation) are most obvious at these times. This hypothesis would be refuted if goanna nest 
predation rate does not change with the time since the nest was constructed. Third, I hypothesized 
that ghost crabs burrowing into sea turtle nests could alert goannas to a nest’s location. This 
hypothesis would be refuted if there is no clear relationship between when a ghost crab burrows into 
a nest, and if and when that nest is predated by a goanna. 
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 Methods 
Study site and nest monitoring 
Referred to Chapter 2 for a description of the study site. This study was conducted along the beach 
for 2 km to the north and south of Wreck Rock at Deepwater National Park, Southeast Queensland 
(24°18’ 58 S, 151°57’ 55” E) (Fig. 6.1a).  
 
Figure 3.1. Location of study site, Wreck Rock beach in Deepwater National Park, Queensland, 
Australia. Shaded grey area indicates the section of beach monitored in this study. The locations of 
loggerhead turtle nests that were predated are indicated by diamonds, and non-predated nests are 
indicated by triangles. The data for both nesting seasons (2014-2015 and 2015-2016) are combined. 
Once a nest was located it was visited daily throughout the incubation period and at each visit the 
presence of goanna tracks and ghost crab burrows on top of it recorded. If a nest was predated by 
goannas, nest monitoring continued until 10 days after the predation event. Nest visitation rate by 
goannas and burrow activity of ghost crabs was quantified by dividing the number of days fresh 
tracks/borrows were found at a nest by the total number of nest inspection days (nest inspection 
days = total number of times a nest was inspected during the season until hatchlings emerged from 
the nest or 10 days after the nest was predated).  
 
Camera traps 
Camera traps (Reconyx Hyperfire HC600, Holmen, Wisconsin, USA) were set up to capture images 
of predators visiting a sub-sample of monitored nests for a period of 30 days after a nest was 
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constructed and for 10 days after the first hatchlings had left a nest. All camera traps were triggered 
by motion sensors, could be triggered 24 h per day and were set to take three still images within 5 
seconds when triggered by the motion sensor. Camera traps were positioned 50 cm behind the 
selected turtle nests, at least 30 cm above ground. Each camera trap had a 1 m2 field of view over 
the nest insuring that any nest visitation by predators was recorded. This enabled information on the 
frequency of predator visits, time of day of predator visits and the species of predator to be collected. 
To compare the relative activity of goannas visiting nests before hatching and after hatching, I 
quantified nest visitation rate for camera trap monitored nests by calculating the ratio of 
independent images (images taken at least 20 minutes apart from each other) of goannas recorded at 
nests to the number of camera trap days.  
 
Data are reported as means ± SE, and statistical comparisons were made using Students T-tests 
assuming significance if P<0.05.  
 
Results 
Nest monitoring 
During the 2014-2015 nesting season (05/12/2014 until 28/02/2015), 52 loggerhead turtle nests 
were monitored and 57.7% of these nests were predated by goannas as indicated by goanna burrows 
dug into the nest egg chamber. During the 2015-2016 nesting season (07/12/2015 until 28/02/2016), 
46 nests were monitored and 17.4% of these nests were predated by goannas. Ten predated nests 
were monitored for 10 days after the predation event during the 2014-2015 season and 8 predated 
nests were monitored during the 2015-2016 season. 
 
Goanna tracks at nests 
The goanna visitation rate in undisturbed nests (i.e. before they were predated by goannas or 
hatched) averaged 0.13 tracks per nest per day but the visitation rate increased 3-fold (P < 0.01) to 
0.40 tracks per nest per day once a nest had been opened by a goanna (Fig. 2a). Goanna nest 
predation rate did not change during the monitored period, i.e. the number of nests predated for the 
first time on any particular day did not change between December and March (Fig 3a). Goanna 
predation activities occurred at all stages of the incubation period, with no particular stage 
experiencing higher rates of predation (Fig 3b). 
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Figure 3.2. Nest visitation rate to the location of loggerhead turtle nests before and after a nest was 
opened by a goanna. a. Goanna tracks. b. Ghost crab burrows. Mean ± SE for each monitored 
period are shown. 
 
 
Figure 3.3. a. Nest predation during the 2014-2015 (diamonds) and 2015-2016 (triangles) seasons. b. 
Days between laying and first predation event from the 2014-2015 (diamonds) and 2015-2016 
(triangles) seasons. 
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Ghost crab burrows at nests 
The ghost crab burrow appearance rate at undisturbed nests averaged 0.21 burrows per nest per day 
but the burrow appearance rate increased 4-fold (P = 0.05) to 0.81 burrows per nest per day once a 
nest had been open by a goanna (Fig. 2b). All of the goanna predated nests had ghost crabs burrow 
into them (from one to 19 burrows) before they were predated by goannas and these ghost crab 
burrows appeared between one and 56 days before the goanna predation event. Only four out of 38 
predated nests had ghost crabs burrow into them the day before the goanna predation event. 
Non-goanna predated nests also had ghost crabs burrow into them (from 0 to 38) before hatchlings 
emerged.  
 
Camera traps 
A sample of 13 non-predated loggerhead turtle nests were monitored by camera traps in the second 
nesting season (between 01/12/2015 and 27/02/2016). Images from camera traps showed that two 
goanna species, yellow-spotted goannas and lace monitors (V. varius) visited nests. The visitation 
rate of these two species increased significantly (yellow-spotted goanna P<0.01; lace monitor P = 
0.03) after the first hatchlings had left a nest (Fig 4a,b). Before predation visitation rate of 
yellow-spotted goannas (0.05 visits per nest per day) and lace monitors (0.02 visits per nest per day) 
was similar (P = 0.12), while after hatching visitation rate by yellow-spotted goannas (0.26 visits 
per nest per day) were higher than the lace monitor (after: 0.07 visits per nest per day P<0.01). 
Yellow-spotted goannas were seen to open nests, but lace monitors were never seen to open nests. 
Nine of 13 (69%) hatched turtle nests were dug into by yellow-spotted goannas, and three of these 
nests were also visited by lace monitors. Although lace monitors visited hatched nests before these 
nests had been dug into by yellow-spotted goanna, lace monitors were never observed to dig out a 
nest. 
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Figure 3.4. Nest visitation rate before and after hatching emergence as recorded by camera traps. a. 
Yellow-spotted goannas (V. panoptes). b. Lace monitors (V. varius). Mean ± SE for each monitored 
period are shown. 
 
Discussion  
There were three significant findings from my study. First, goanna predation rate on sea turtle nests 
did not increase with time as nests were laid. Second, the likelihood of a nest being predated by 
goannas was independent of the age of the nest. Third, ghost crabs burrows do not appear to assist 
goannas to locate sea turtle nests.   
 
Timing of goanna predation of sea turtle nests 
My observations indicated that the frequency of goanna attacks on sea turtle nests did not increase 
as the nesting season progressed and the number of sea turtle nests incubating increased. This 
suggests that the number of goannas predating nests remained stable, and that these goannas did not 
increase the intake of sea turtle eggs in their diet from the beginning to end of the sea turtle nesting 
season. Only large male yellow-spotted goannas opened nests, and these individuals may exclude 
others from the beach potentially limiting the number of goannas able to forage on the beach 
(Chapter 5) and this may explain why nest predation rate did not increase as the sea turtle nesting 
season progressed.  
 
The finding that the likelihood of a nest being attacked by a goanna was independent of nest age 
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was surprising. I expected two peaks in nest predation. The first peak was expected immediately 
after a clutch was laid because goannas could use sand disturbance associated with nest construction 
as a visual cue and olfactory cues left in the sand by female turtles to locate nests. The second peak 
was expected just before hatchling nest emergence once the embryos had hatched from their eggs 
and released egg fluids, the odor of which might be detectable on the sand surface that could attract 
goannas. Furthermore, the observation that goannas could crawl over the top of nests numerous 
times over several weeks before suddenly attacking the nest is puzzling because the cue(s) used to 
the detect the nest after the first week of incubation are most likely to be olfactory in nature, and 
logic implies that such cues would have been present since the nest was constructed. This lead me 
to hypothesize that other cues such as the appearance of ghost crab burrows into a nest may signal 
the presence of a nest to goannas.       
 
The interaction between yellow-spotted goannas and ghost crabs 
Ghost crabs regularly burrow into sea turtle nests and are known to eat eggs and hatchlings (Le Buff 
1990; Thompson 1995; Witherington 1999; Trocini et al. 2009). Such burrow construction may alert 
the location of sea turtle nests to goannas by two mechanisms. First, the burrow into the nest could 
facilitate the release of odors from the incubating eggs into the atmosphere above the nest and thus 
attracted a goanna’s attention. Second, because on numerous occasions I observed yellow-spotted 
goannas feeding on ghost crabs by digging them out of their burrows, a yellow-spotted goanna may 
fortuitously discover a sea turtle nest while digging out a ghost crab if the ghost grab burrow was 
constructed into a nest. However, my observations do not support a close association between the 
appearance of ghost crab burrows into a sea turtle nest and the subsequent predation of that nest by 
goannas. Although numerous ghost crab burrow entrances were observed above sea turtle nests, 
these burrows appeared anywhere between one and 56 days before the nest was predated by a 
goanna, and further, numerous other nests had ghost crab burrows constructed into them without 
being attacked by goannas. Indeed, in only four of the 38 goanna predated nests I monitored did a 
ghost crab burrow appear the day before the goanna predation event. Taken together, these 
observations indicate that ghost crabs burrows into sea turtle nests do not lead to the discovery of 
the nest by goannas.  
 
The influence of predated and hatched turtle nest on goanna activity at nests 
My data show that goanna predation activities occurred at all stages of the incubation period with 
no peaks at the beginning or end of incubation. However, turtle nests were visited more often and 
material (eggs, egg remains after hatching) taken from the nest once a nest was opened or hatched, 
indicating that goannas were attracted to the odor of the opened nest, and/or the visual cue of the 
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open hole at the nest site. Goannas probably also remember the location of these nests which allows 
them to visit the same nest numerous time on subsequent days to access the food source (Ward-Fear 
et al. 2016). Curiously, some goanna predated nests did not have all of their eggs consumed even 
though they were visited on multiple occasions over several days, and these nests managed to 
produce some hatchlings (Chapter 4). The reason why not all eggs were consumed remains a 
mystery. At a single visit a goanna may become sated after eating several eggs and these eggs may 
take a day or two to digest, but given that predated nests were generally visited over multiple days, 
satiation does not appear to be an explanation for this phenomenon.  
 
Ghost crab burrows were numerous all over the beach dune area and I did not assess if burrow 
density above a nest in undisturbed nests was greater than burrow density in adjacent areas where 
no nest existed. A future study should address this point because it is of interest to know if ghost 
crabs actively seek out sea turtle nests in order to prey on eggs and hatchlings, or discover sea turtle 
nests by accident as they randomly construct burrows into the sand. The facts that (1) numerous 
studies have reported ghost crabs predating eggs and hatchlings within nests (Le Buff 1990; 
Thompson 1995; Witherington 1999; Trocini et al. 2009) and (2) the current study’s observation 
that ghost crab burrowing activity at sea turtle nests increase when nests have been opened by a 
goannas suggest ghost crabs actively seek out sea turtle nests and that they may use olfactory cues 
to aid them in this task. 
 
Conclusion 
I set out to test three hypotheses about how and when yellow-spotted goannas discover sea turtle 
nests and the evidence I collected during my study does not support any of these hypotheses. First, I 
hypothesized that the rate of goanna predation on sea turtle nests would increase as the nesting 
season progressed as more nests became available for predation, but I found the daily number of 
nests attacked was constant throughout the nesting season. Second, I hypothesized predation of 
nests would be greatest immediately after nests are constructed or after nests have hatched but 
hatchlings had not escaped the nest, but I found the likelihood of a sea turtle nest being depredated 
was independent of nest age. Third, I hypothesized that ghost crabs burrowing into sea turtle nests 
could alert goannas to a nest’s location, but I found no evidence of a relationship between ghost 
crab burrowing activity at nests and the likelihood of goanna nest predation. Hence, I do not know 
the mechanism used by goannas to find sea turtle nests, particularly those nests that are attacked 
during middle or late incubation that have been crawled over numerous times earlier on in 
incubation by goannas before they were attacked. Clearly, more work needs to be done to discover 
that cues goannas and for that matter, ghost crabs, use to find sea turtle nests. I still think the most 
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likely cues will be olfactory in nature, and perhaps the next experimental step might be to bury eggs 
at different depths below the sand surface to see if goannas and ghost crabs find shallowly buried 
eggs more easily than more deeply buried eggs.   
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CHAPTER 4 
 
How best to protect the nests of the endangered loggerhead turtle Caretta caretta from 
monitor lizard predation? 
Abstract 
The loggerhead turtle (Caretta caretta) is listed as endangered on the IUCN Red List. The monitor 
lizard Varanus panoptes has become the most common predator of loggerhead turtle nests at the 
Wreck rock beach nesting aggregation adjacent to Deepwater National Park in south east 
Queensland after a control program for feral foxes was instigated. Although some research has 
investigated protecting nests against mammalian predators, none have designed an effective way to 
protect turtle nests from monitor lizard predation. I empirically tested the efficacy of aluminium 
mesh cages, plastic mesh sheets, red flags and hot chili powder in protecting loggerhead turtle nests 
from monitor lizard predation across two nesting seasons (2014-2015 and 2015-2016). In the first 
nesting season, hot chili powder (n = 10, predation rate 70%) and flag treatments (n = 10, predation 
rate 60%) were not as effective as aluminium cages (n = 10, predation rate 50%) and plastic mesh (n 
= 11, predation rate 18%) in protecting nests against monitor lizard predation, while almost all 
control (n = 11, predation rate 91%) nests experienced some monitor lizard predation. In the second 
season, overall predation was considerably lower, with only 12.5% of control nest being predated (n 
= 16), no plastic mesh nest being predated and 40% of hot chili powder treated nests (n = 15) being 
predated. My study indicated that plastic mesh, when applied correctly, is a relatively inexpensive 
and effective way to prevent monitor lizard nest predation at sea turtle nesting beaches. 
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Introduction 
The loggerhead turtle (Caretta caretta) is an endangered species on the IUCN Red List (IUCN 
2016). Predation may be the most significant biotic threat to the hatching success of the loggerhead 
turtle (Kurz et al. 2011). In Australia, sea turtle nest predators include several species of native 
monitor lizard (Varanus spp), and the introduced fox (Vuipes vuipes), pig (Sus serofa) and dingo 
(Canis lupus) (Limpus 1978; Limpus and Fleay 1983). Some studies reported more than 50% of sea 
turtle nests are destroyed by predators in their natural habitats (Fowler 1979; Blamires & Guinea 
1998; Blamires et al. 2003). In addition, predation of sea turtle nest by multiple predators occurs at 
some rookeries, and thus nests laid at certain locations may have a greater risk of predation 
(Stancyk et al. 1980; Limpus et al. 1983; Sivasunder & Prasad 1996). If high nest predation occurs, 
it greatly reduces the recruitment of hatchlings from rookeries and may ultimately result in 
longer-term decreases in the adult population (Stancyk 1995). 
 
Wreck Rock beach (22km) is adjacent to Deepwater National Park and supports a significant 
nesting aggregation of loggerhead turtles (Limpus 2008a). Predators of sea turtle nests at Wreck 
Rock beach include foxes, wild dogs and monitor lizards (Limpus 2008a). From 1987 onwards 
1080 poison baits have been used to control fox predation, but a recent nest survey (WWF-Australia 
2013-2014) indicated that while fox predation of nests was minimal, a large number of nests were 
predated by monitor lizards. Thus, predation by monitor lizards has become the most significant 
biotic threat to the hatching success of the loggerhead turtle at Wreck Rock beach. Clearly, if the 
Wreck Rock loggerhead turtle rookery is to continue to be viable in the long-term, a nest protection 
strategy to decrease monitor lizard predation needs to be developed. 
 
My investigations indicated that yellow-spotted goannas (Varanus panoptes) are the main turtle nest 
predator at Wreck Rock beach (Chapter 2). Yellow-spotted goannas are large diurnal carnivorous 
scavenger that inhabits a large variety of biomes in the Northern Territory, Queensland, Western 
Australia and southern New Guinea (Shine 1986; Cogger 1993). The size of yellow-spotted goannas 
is sex dependent, with females growing up to 0.9 m in total body length, and males growing up to 
1.4 m (Cogger 1993). Yellow-spotted goannas feed on a wide range of prey, including insects, crabs, 
reptiles, mammals, ground nesting bird eggs and sea turtle eggs in coastal habitats (Macnae 1968; 
Shine 1986). Blamires (2004) reported that a coastal population of yellow-spotted goannas 
inhabiting the dunes at Fog Bay, Northern Territory, eat crustaceans, insects, reptiles and mammals, 
but the diet is dominated by flatback turtle (Natator depressus) eggs during the sea turtle nesting 
season. However, there have been no published reports of an effective way to protect nest from 
monitor lizard predation.  
56 
 
 Protection of turtle nests by placing of plastic or metal mesh or metal cages on the top of turtle nest 
is widely used in sea turtle nest conservation programs (Addison & Henricy 1994; Jordan 1994; 
Adamany et al. 1997; Ratnaswamy et al. 1997; Yerli et al. 1997; Baskale & Kaska 2005; Antworth 
et al. 2006; Kurz et al. 2011). At many sea turtle rookeries, nest protection can significantly increase 
hatching recruitment by reducing nest predation (Ratnaswamy et al. 1997; Antworth et al. 2006). 
However, Antworth et al. (2006) reported nest predation rate is still high despite mesh and cages 
being used at some nesting beaches. Miller et al. (2003) and Antworth et al. (2006) reported that the 
depth of loggerhead turtle nests is shallower than nests of green (Chelonia mydas) and leatherback 
(Dermochelys coriacea) sea turtles, and placing of mesh on top of nests could be less effective for 
loggerhead turtle nest protection because predators could dig into the nest from around the edges of 
the mesh. This study indicated that the area of the mesh placed on top of nests is important; too 
small an area and predators can still reach the egg chamber by digging under the mesh edges. In 
addition, nest caging may alert mammal predators to the presence of a nest, thereby increase nest 
predation rate (Mroziak et al. 2000). Thus, the type of nest protection used should be designed to 
suit the specific predators found at the nesting location. At present, no studies have investigated the 
nest locating ability of monitor lizards and the burrowing strategy they use to raid sea turtle nests. In 
this study, I tested two types of physical nest protection barriers, aluminium cages and plastic mesh.  
 
Olfactory cues can be an important factor in many predator-prey processes. Turtle nest detection 
rates by predators is highly dependent on cues left by the female turtle (e.g. visual, tactile, and 
olfactory) and the ability of predators to detect these cues (Vander Wall 1998, 2000; Geluso 2005; 
Leighton et al. 2009). Sea turtles lay their eggs and bury them on the beach, and many predators 
detect sea turtle nests using olfactory cues (Brown & Macdonald 1995). Conditioned taste aversion 
(CTA) is a method that can modify the behavior of free-ranging predators (Ratnaswamy 1997). 
Hopkins and Murphy (1982) first attempted CTA to protect sea turtle nests against raccoons using 
lithium chloride but it was unsuccessful. However, chili pepper powder was successful in reducing 
mammalian predation (coyotes, raccoons, and bobcats) of loggerhead turtle nests (Abigail 2013). 
Monitor lizards are active forages and very adept at detecting turtle nests using olfactory cues 
because they use their forked tongue to transfer olfactory cues to the specialised chemosensory 
Jacobson’s organ (Blamires & Guinea 1998; King & Green 1999; Vincent & Wilson 1999). I tested 
if hot chili powder would deter monitor lizard predation of sea turtle nests by treating new 
constructed nests with hot chili powder.  
 
Placing flags next to sea turtle nests can reduce nest predation by raccoons (Longo et al. 2009). 
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Tubberville & Burke (1994) reported flags did not attract mammalian predators to fresh water turtle 
nests, indicating that mammalian predators did not develop an association between flags and food 
availability. Longo et al. (2009) argued that using flags to reduce sea turtle nest predation by 
mammalian predators is cheap and effective, but is only effective if wind is a frequent feature of the 
nesting beach. Because wind is a consistent feature of Wreck Rock beach, I tested if placing red 
flags adjacent to sea turtle nests deterred monitor lizard predation of sea turtle nests. 
 
The objectives of my study were to (1) compare the rates of predation among unprotected nests and 
nests protected with aluminium mesh cages, plastic mesh sheets, red flags and hot chili powder; (2) 
make management recommendations based on the efficacy, cost, ease of implementation and 
potential risk of hatchlings for each of the methods. 
 
Methods 
The study site was the same as described in Chapter 2. The nesting beach was patrolled each night 
and newly constructed turtle nests marked with a stake. Early the following morning, these nests 
were found and one of the treatments applied, or the nest left untouched as a ‘control’. For the 
aluminium cage treatment, the surface of the nest was dug down to a depth of 20 cm and an 
aluminium mesh (mesh size 5 cm x 5cm) cage 1m x1m with 10 cm sides was placed on top of the 
nest and then sand replaced on top of the cage to the original nest height. For the plastic mesh 
treatment, the surface of the nest was dug down to a depth of 10 cm, and a 1.2 m x 1.5 m plastic 
mesh (mesh size: 5cm x 5cm) was placed on top of the nest. The mesh was pegged down at the 
corners and the sides using 40cm wooden stakes. Sand was then replaced on top of the nest to its 
original height. For the hot chili pepper treatment, the surface of the nest was dug down to a depth 
of 10 cm in a 0.5m x 0.5m square and 40 g of hot chili power (heat level 10 out of 10, Herbie’s 
spices, 745 Darling street, Rozelle, NSW 2039) sprinkled evenly over the surface and the sand 
replaced on top of the nest to its original height. For the red flag treatment, a flag made from bright 
red canvas material (30 cm x 40 cm) mounted on a 1.2 m high stake was inserted 50 cm into the 
sand 30 cm to the side of the nest. The control nests were marked with a wooden stake 30cm to the 
side of the nest. The nests were visited every day from early December to the end of February and 
predator visitation as evidenced by the presence of tracks, and predation events as evidenced by 
tunnels dug into the nest chamber were recorded. 
 
Results 
During the 2014-2015 sea turtle nesting season 5/12/2014 until 6/1/2015, 10 aluminum cages, 11 
plastic meshes, 10 flagged nests, 10 chili powder treated nests and 11 control loggerhead turtle nests 
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were setup. All treatments experienced some monitor lizard predation activities; however, even in 
predated nests not all eggs were eaten and some hatchlings escaped the nest successfully (Table 4.1). 
Almost all control (untreated) nests experienced some monitor lizard predation activity, while nests 
protected with plastic mesh experienced the least predation (Table 4.1). Aluminum cages and plastic 
mesh were effective against monitor lizard predation if they were properly deployed (Table 4.1). 
Successful attacks on aluminium cage protected, and mesh protected nests occurred because wind 
erosion exposed an edge of the protective barrier, and monitor lizards burrowed under the exposed 
edge. Both flags and hot chili powder treated nests experienced a higher predation rate than 
aluminium cage and plastic mesh nests (Table 4.1).  
 
Table 4.1. Summary of nest protection treatment and emergence success results for monitored 
loggerhead turtle nests 
Nesting 
season 
Treatment Number of 
nests set up 
Number 
predated 
% 
predated 
% emergence success 
of unpredated nests 
(range) 
% emergence success 
of predated nests 
(range) 
2014-2015 Aluminium 
cage 
10 5 50 83 (69-96) 22(0-83) 
 Plastic mesh 11 2 18 93(88-97) 22(0-44) 
 Hot chilli 
powder 
10 6 60 69(38-82) 17(0-85) 
 Flag 10 7 70 77(65-98) 41(0-85) 
 Control 11 10 91 72 33(0-85) 
       
2015-2016 Plastic mesh 15 0 0 93(86-95) NA 
 Hot chilli 
powder 
15 6 40 83(11-99) 49(0-86) 
 Control 16 2 12.5 82(19-100) 48(0-97) 
 
In the 2015-2016 sea turtle nesting season 7/12/2015 until 6/1/2015, 15 plastic meshes, 15 chili 
powder treated nests and 16 control loggerhead turtle nests were setup. Overall predation rate of 
nests was lower in the 2015-2016 season compared to the 2014-2015 season, even in untreated 
control nests (Table 4.1). Plastic mesh was an effective deterrent against monitor lizard predation 
but the chili powder was not effective against monitor lizard predation, having a predation rate 
greater than control nests (Table 4.1).  
 
Discussion 
During the 2014-2015 sea turtle nesting season, almost all control nests experienced some monitor 
lizard predation activities; however, only 12.5% of control nests were predated by monitor lizards in 
the 2015-2016 season. This indicated that monitor lizard predation rate can vary greatly between 
different seasons. Christian et al. (1995) reported that yellow-spotted goannas were active in the wet 
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season in the wet-dry tropics of Northern Australia, but restricted their activity in the dry season to 
the wetlands where there was still a high abundance of prey. This indicates that yellow-spotted 
goannas concentrated their foraging activities in habitats rich in prey. Ghost crabs were reported in 
yellow-spotted goanna scats all year round (Blamires 2004), indicating that ghost crabs are a staple 
food source for this species. At my Wreck Rock study site, ghost crab burrows were numerous in 
the dune areas immediately behind the beach. I suspected that the abundance of ghost crabs in the 
dunes behind the beach may have been greater during 2015-2016 season than in the 2014-2015 
season, and this could explain the lower predation rate of sea turtle nests in the 2015-2016 season. 
Further studies of the connection between yellow-spotted goanna activity area and their food 
abundance are needed to test this hypothesis. 
 
Hot chili powder and red flags did not provide an effective deterrent against monitor lizard 
predation. Hot chili powder contains capsaicin which is responsible for the immediate ‘burning’ 
sensation upon ingestion experienced by mammals and actively deters its ingestion in mammals, but 
apparently is not distasteful to birds and has no repellant affect in birds (Jordt & Julius 2002, Levey 
et al. 2006, Baylis et al. 2012). Hence it is probable that monitor lizards also do not find capsaicin 
distasteful, and this was the reason that hot chili powder treated nests failed to deter monitor lizard 
predation. However, predation of hot chili powder treated nests was lower that control nests during 
the first two weeks after nest construction, so hot chili powder may have had a deterrent effect 
initially, but became ineffective as time progressed possibly because rain diluted the effect. Further 
experimental work of adding chili powder at regular intervals throughout the incubation period is 
needed to test this hypothesis. Red flags did not appear to affect monitor lizard behaviour, they 
continued to visit nests (as evidence by tracks) and frequently opened nests. Longo et al. (2009) 
reported flags may be a less effective deterrent to mammalian predators in non-constant coastal 
wind areas. I found when turtle nests were constructed behind the first dune, they were protected to 
a large degree from coastal wind and the flags were limp for much of the time. However, even when 
nests were constructed on the front of the dune and flags consistently fluttered in the wind, monitor 
lizard predation of nests remained high. Flags might also serve as a visual cue to alert a predator to 
the presence of a nest by the predator learning to associate a visual cue with a food source as has 
been observe with feral swine (Engeman et al. 2016), and thus potentially increase the predation 
rate of nests. For example, raccoons were found to use nest cages as landmarks when searching for 
sea turtle nests (Mroziak et al. 2000).  
 
Both plastic mesh sheets and aluminium cages when protected against sand erosion around their 
edges were highly effective in preventing monitor lizard predation of sea turtle nests. However, 
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installing and removing aluminium cages requires much effort. Plastic mesh sheets could be 
deployed substantially faster than aluminium cages. In my procedures, two people installed nest 
protection, and on average it took 40 minutes to install an aluminum cage but just 20 minutes to 
install a plastic mesh sheet. Kurz et al. (2011) also reported installing screens took 48% less time 
than installing cages under the same conditions. In addition, the costs of aluminium cages averaged 
AU$200 per nest but plastic mesh cost only AU$20. Although cage protection is an established 
option for nest management at some sea turtle nesting beaches (Addison & Henricy 1994; 
Ratnaswamy et al. 1997; Kinsella et al. 1998), many programs probably lack the resources 
necessary to purchase and deploy hundreds of cages. Therefore, the high success rate and low-cost 
for plastic mesh sheet protected nests indicate that plastic mesh sheets are an effective way for 
reducing monitor lizard depredation of sea turtle nests. However, both aluminium cages and plastic 
mesh sheets failed if the edge of the barriers became exposed on the surface as a result of wind or 
rain erosion. Once an edge became exposed, monitor lizards were able to burrow under the barrier 
and access the egg chamber. As a consequence, I recommend that the upper surface of these 
physical barriers be buried 20 cm below the sand surface. Also, the larger the protected area 
immediately on top of the nest, the more effective it is as a barrier to predators as previously show 
with raccoon predation of sea turtle nests (Addison 1997). My anecdotal observations indicated that 
both aluminium cages and plastic mesh sheets which had 5cm x 5cm mesh may impede some 
hatchlings during the nest escape process. For this reason, in the 2015-2016 sea turtle nesting 
season I enlarged the mesh size to 10cm x 5cm in the region immediately above the egg chamber 
which allowed hatchling to escape unimpeded but still provided effective protection against monitor 
lizard predation. Kurz et al. (2011) suggested it may not be appropriate to use cage or mesh 
protection on high-density nesting beaches because the presence of cages or mesh may deter or 
impede nesting females. Therefore, management methods should also be beach-specific, taking into 
account predation threats, resources for protection, and nesting turtle densities. In addition, the 
earth’s magnetic field has been shown to be a vital navigational aid to sea turtle hatchlings 
(Lohmann 1991; Lohmann & Lohmann 1998; Irwin & Lohmann 2003), therefore, nest protection 
structures constructed with ferrous metals should not be used, but those constructed from plastic or 
aluminium should be safe. 
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CHAPTER 5 
 
Spatial ecology of yellow-spotted goannas adjacent to a sea turtle nesting beach 
 
Abstract 
Nest predation is the main cause of hatch failure for many turtle populations. For loggerhead turtles 
(Caretta caretta) nesting at the Wreck Rock rookery, adjacent to Deepwater National Park in 
south-east Queensland, yellow-spotted goannas (Varanus panoptes) are the main nest predator. 
However, no studies have documented the space use of goannas in coastal habitat adjacent to a sea 
turtle nesting beach. Here I used Global Positioning System data loggers to evaluate the spatial 
ecology of adult yellow-spotted goannas in order to discover their potential interaction with sea 
turtle nests. Male yellow-spotted goannas had larger home ranges, spent a greater proportion of 
their time in the beach dune area where sea turtles nest, and their home ranges overlapped with 
more sea turtle nests compared with females. Both males and females had a bimodal activity pattern, 
with peaks in activity in the early morning and mid to late afternoon. Examination of space-use 
patterns indicates that it is the larger male yellow-spotted goannas that are the main predators of sea 
turtle nests at the Wreck Rock beach nesting aggregation. Hence, by inference, it is probable that 
large male yellow-spotted goannas are responsible for opening nests at other Australian mainland 
sea turtle beaches, and if a goanna-specific management strategy is implemented to control 
predation it is these large males that should be targeted. 
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Introduction 
In-depth understanding of a species’ spatial ecology is essential for pragmatic management 
(Donovan et al. 2011). By studying the movements of individuals within a population, information 
on home range, relative space use within the home range, sharing of space with conspecifics, and 
general activity patterns can be obtained so that hypotheses on habitat needs, such as the minimum 
area needed for an individual to survive, can be generated (Burt 1943; Weeden 1965). For many 
predator species, food abundance is an important factor influencing space use due to the interaction 
of caloric return per prey item and foraging time (Charnov et al. 1976). Hence, if a food item is only 
seasonally available an animal might be expected to spend more time in the region of this food 
source on a seasonal basis. If prey availability increases in some areas, there will be a corresponding 
change in foraging-related movement and home-range sizes, consistent with optimal foraging 
theory (Stephens and Krebs 1986; Coman et al. 1991). For example, previous studies on canids 
indicated that their home ranges near human concentration were relatively smaller than in pristine 
areas (Coman et al. 1991; Saeki et al. 2007).  
 
Varanid lizards (goannas) are typically large opportunistic scavengers and predators that are 
widespread throughout Australia (Cogger 1993). As expected, goanna foraging strategies influence 
their movement patterns and home ranges (Auffenberg 1988). Movement patterns and home range 
vary between different goanna species; for example, some large species (e.g. Varanus gouldii and V. 
giganteus) travel more than 1 km day-1 while foraging (King 1977; Pianka 1994), while distances of 
no more than 0.2 km day-1 may be covered by arboreal or smaller species (e.g. V. tristis: Thompson 
et al. 1999). Coast-inhabiting species such as the yellow-spotted goanna (V. panoptes) and the 
common water monitor (V. salvator) are voracious predators of sea turtle nests (Blamires et al. 2003; 
Blamires 2004; Maulany 2012), but nothing is known about the home ranges of these species. 
 
Nest predation is the main cause of hatch failure for many turtle populations (Congdon et al. 1983; 
Marchand & Litvaitis 2004), reducing hatchling recruitment, and may ultimately result in longterm 
decreases in the adult population (Stancyk 1995). For example, some studies reported that more 
than 50% of sea turtle nests are destroyed by predators in their natural habitat (Fowler 1979; 
Blamires & Guinea 1998; Blamires et al. 2003; Maulany 2012). In Australia, other than the dingo 
(Canis lupus), which has been in Australia for only ~3500-4000 years (Van Dyck & Strahan 2008), 
there are no documented native Australian mammalian predators of sea turtle nests. However, in 
recent decades, the main mammalian predators of sea turtle nests in Australia are the introduced red 
fox (Vulpes vulpes), the pig (Sus serofa), and the wild dog (Canis familaris) (Limpus 1978; Limpus 
& Fleay 1983). Recent reports indicate that while mammalian predation of loggerhead turtle nests 
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was minimal at Wreck Rock beach due to a 30-year 1080 poison-baiting program, a significant 
proportion of nests was depredated by yellow-spotted goannas (McLachlan et al. 2015; Lei & Booth 
2015, Chapter 2). Hence, the aim of this study was to quantify the movement patterns and space 
utilisation of yellow-spotted goannas adjacent to Wreck Rock beach, with a focus on discovering 
which individuals of the population were preying on sea turtle nests. Given that males are 
conspicuously larger than females, I hypothesised that home ranges of males would be larger than 
those of females, and that the utilisation of sea turtle nests as a food source might also differ 
between the sexes. Furthermore, due to the high temporal resolution and spatial accuracy of the 
GPS (Global Positioning System) based location data, I suspected that new insights into goanna 
movement, interaction, and space-use would be revealed. 
 
Methods 
Study area 
Referred to Chapter 2 for description of the study area. The initial capture locations of the 
yellow-spotted goannas are shown in Fig. 5.1. 
 
Fig. 5.1. (a) The study site at Wreck Rock beach adjacent to Deepwater National Park, Queensland, 
Australia. (b) The initial capture locations of the yellow-spotted goannas tracked in the study are 
indicated by triangles (males) and circles (females) 
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Study species 
The yellow-spotted goanna is a large diurnal carnivorous scavenger lizard that inhabits a variety of 
biomes across northern Australia and southern New Guinea (Shine 1986; Cogger 1993). The 
yellow-spotted goanna is sexual dimorphic, with females growing up to 0.9m in total body length, 
and males growing up to 1.4m (Cogger 1993). They feed on a wide range of prey, including insects, 
crabs, reptiles, mammals, ground-nesting birds’ eggs and sea turtle eggs in coastal habitats (Macnae 
1968; Blamires 2004; Ujvari and Madsen 2009). 
 
Animal capture and GPS tagging 
During the 2014–15 and 2015–16 sea turtle nesting seasons (December–March), adult 
yellow-spotted goannas were captured using noose and pole, or in wire-mesh cage traps baited with 
chicken carcasses. Once caught, the snout-to-vent length and total length of the goannas was 
measured with a flexible fiberglass measuring tape (± 1 cm), mass was recorded by a hanging 
digital scale (±0.01 kg), and sex determined by squeezing the tail base to evert the hemipenis of 
males or examining the thickness and scales at the tail base (Auffenberg et al. 1991). GPS data 
loggers were deployed on seven yellow-spotted goannas (six males and one female) in the first 
season (between 4 December 2014 and 8 March 2015) and on 17 yellow-spotted goannas (13 males 
and four females) in the second season (between 4 December 2015 and 10 April 2016). A GPS data 
logger incorporating a VHF transmitter was taped to the dorsal surface of the base of the tail using 
super glue and linen adhesive tape (Fig. 4.2). GPS data loggers used were of two types: (1) a 
custom-modified i-gotU GT-120 (Mobile Action Technology Inc., Taiwan) and (2) FLV GPS 
tracking devices with inbuilt temperature probes (Telemetry Solutions, USA). The GT-120 units 
were programed to log position once every 15 min during daylight hours (06 : 00 to 18 : 00 hours) 
and the FLVGPS tracking devices were programed to log position every 30 min from 06 : 00 to 18 : 
00 hours. The VHF transmitter was used to periodically locate animals to remotely download data 
(FLV units) or to recover units from goannas so that data could be downloaded (GT-120 units). 
After measurement and attaching of GPS units, goannas were released at their site of capture within 
4 h of their capture. 
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Fig. 5.2. Yellow-spotted goanna with GPS logger attached to the base of the tail. 
Turtle nest monitoring 
During the 2014-15 and 2015-16 nesting seasons (1 December- 10 January), loggerhead turtle nests 
were found each night by Turtle Care Volunteers Queensland Inc. personnel. When a nest was 
located, the location was recorded by hand-held GPS units so that the number of nests encountered 
by goannas during the monitored period could be documented. 
 
Data analysis 
For each of the GPS fixes, estimated Horizontal Positional Error (EHPE) was used to determine the 
average degree of error for each GPS-unit. All units performed equally and had a mean accuracy 
error of 24.1 ± 2.4 m. All location fixes with an EHPE ± 100 m were excluded from the final 
analysis. A fine-scale analysis of GPS data revealed that yellow-spotted goannas tended to spend 
extended periods at a particular location (= ‘staying’), before commuting to another location (= 
‘moving’). Hence the speed of movement data that were captured from GPS data could be 
categorised into ‘moving’ and ‘staying’ behaviours. The distance between individual yellow-spotted 
goanna GPS fixes and the front dune was calculated using Rx64 3.1.3 (R Core Team 2016).  
 
The 95% minimum convex polygon (MCP) describing the entire area occupied by an individual 
yellow-spotted goanna over the entire time it was tracked was calculated using the adehabitatHR 
package (Calenge 2006) in R. Because the size of an animal’s home range increased as the study 
period increased, MCP was calculated every five days in order to find the length of time an 
individual needed to be tracked before a reliable home-range size could be determined. In addition, 
Kernel Brownian Bridge (KBB) home range was calculated using the KBB home-range package 
within the online ZoaTrack facility (Dwyer et al. 2015). ANOVA was used to make comparisons 
between variables, which are reported as mean ± SE. and P < 0.05 was considered to be significant. 
 
Results 
Individual yellow-spotted goannas were tracked for periods of between 9 and 115 days (47.8 ± 1.4 
days). Each animal had between 207 and 2770 reliable GPS location fixes (1097 ± 140). The time 
taken for home-range size to stabilise was longer in male than female yellow-spotted goannas 
(Table 5.1). 
 
The degree to which yellow-spotted goannas used the beach dune area where sea turtle nests were 
located varied between individuals (Table 5.1, Fig. 5.3). Some individuals (12.5%) confined their 
movements to the beach dune area, while most (87.5%) utilised both dune front and inland areas 
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(representative examples of individuals are plotted in Fig. 5.3). In general, male yellow-spotted 
goannas moved greater distances, occupied larger home range areas, and spent more of their time in 
the dune habitat than female yellow-spotted goannas (Table 5.1). Females spent more time foraging 
in areas far from the coastal fringe and encountered fewer turtle nests than male yellow-spotted 
goannas (Table 5.1). One individual (M3) was tracked in both the 2014-15 and 2015-16 nesting 
seasons, and this individual had very similar home ranges in both seasons (Fig. 5.4). Within the 
same nesting season, the home ranges of different individuals overlapped within and between the 
sexes (Fig. 5.5). Both the MCP and KBB analysis showed that female yellow-spotted goannas 
occupied similar home-range areas, which were smaller than those of males (Table 5.1). Male 
yellow-spotted goannas generally moved faster than female yellow-spotted goannas when moving 
from one local area to another (move speed: Table 5.1), while within a local area both males and 
females moved at similar speeds (stay speed: Table 5.1). Both male and female yellow-spotted 
goannas spent about half their time ‘moving’ and half of their time ‘staying’ (Table 5.1). In addition, 
both male and female yellow-spotted goannas had a bimodal peak activity pattern, with increased 
activity during early morning (07:00-08:00 hours) and mid-afternoon (14:00-15:00 hours) with a 
distinct decrease in activity during the middle of the day (09:00-12 : 00 hours) (Fig. 5.6). 
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Fig. 5.3. Representative data (M11 = 3.15 kg, M7= 2.15 kg and M2= 3.15 kg) of the usage of the 
dune habitat by three different male yellow-spotted goannas. Grey area, land; white area, sea. 
 
Fig. 5.4. Representative data from the same male individual (M3) of the usage of the dune habitat in 
two different nesting seasons. (a) 18/01/2015-08/03/2015. (b) 10/12/2015-13/03/2016. Grey area, 
land; white area, sea. 
 
There was no significant difference between 95% homerange areas calculated by the MCP (0.037 ± 
0.010 km2) and KBB (0.046 ± 0.090 km2) methods for female yellow-spotted goannas (Student’s 
paired t-test, n =5, P = 0.52). However, for male yellow-spotted goannas, 95% home-range areas 
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calculated by the KBB method (0.198 ± 0.036 km2) were half those calculated by the MCP method 
(0.409 ± 0.074 km2) (Student’s paired t-test, n = 19, P = 0.016). All females (n = 5) and most males 
(n = 18) confined their activity area to one activity centre (Fig. 5.5b, c). However, one of the males 
was captured 1 km inland away from the dune front and did not have a stable 95% MCP because it 
did not confine its movements to a discrete area (Fig. 5.5a). Because females tended to move less 
than males, their home ranges were smaller and it took only 5-10 days of tracking for their home 
range to be accurately determined (Table 5.1). In contrast, movements by individual males were 
highly variable, with accurate home-range estimates taking only 5 days for some males, but as long 
as 50 days for others (Table 5.1). 
 
Fig. 5.5. Representative data of movement patterns of yellow-spotted goannas. KBB 95% (dotted 
lines) calculated from GPS location data using the Kernel Brownian Bridge home-range package 
within the on-line ZoaTrack facility (Dwyer et al. 2015). (a) Male M13. (b) Male M16. (c) Female 
F3. Diagonal line represents the location of the beach sand dune. (d) Representative data of home 
range of yellow-spotted goannas from different individuals in 2015–16 nesting season. MCP 95% 
calculated from GPS location data. Blue area, M17; green area, M13; pink area, M14; orange area, 
M7; yellow area, M11; purple area, F4; red area, F5. Grey area, land; white area, sea. 
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Fig. 5.6. Relationship between air temperature (°C, dotted line), body surface temperature (°C, solid 
line) and movement speed (m h-1, grey bars) from a yellow-spotted goanna (M11) during turtle 
nesting season (14/12/2015-29/01/2016). Mean ± SE. for each hour of the day are shown. 
 
Discussion 
Nest predation is a significant practical challenge for the conservation of sea turtles, with the 
potential to decrease the recruitment of hatchlings and slow the recovery of threatened populations 
(Leighton et al. 2010). Hence, understanding the interactions with nest predators is important for the 
conservation of these species. The deployment of high-sample-frequency GPS devices on 
yellow-spotted goannas allowed me to continuously monitor interactions with a loggerhead turtle 
nesting beach. My study revealed two significant findings that provide new insights into the 
predation of sea turtle nests by goannas. First, my results indicated that male yellow-spotted 
goannas had larger home ranges than female yellow-spotted goannas. Second, my results 
demonstrated that relatively few home ranges of yellow-spotted goannas overlapped the areas 
where sea turtle nests were located, and of those individuals visiting nesting beaches, almost all 
were large males. This suggests that adult male yellow-spotted goannas are the main cause of 
predation on sea turtle nests at Wreck Rock beach. 
 
Movement of males 
In general, male yellow-spotted goannas had larger home ranges than female yellow-spotted 
goannas, suggesting that foraging strategies and movement patterns vary between sexes. In addition, 
only a relatively few male yellow-spotted goannas concentrated their activities on the beach and 
dune habitats and encountered more nests than females, indicating that predation on turtle nests 
might be caused by a few adult male individuals who were adept at locating and digging into sea 
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turtle nests. Blamires (2004) reported that yellow-spotted goanna used the dune and grasslands 
directly behind the dunes extensively for finding food at Fog Bay, Northern Territory; however, 
habitat use was not distinguished between sexes. My study revealed that adult male yellow-spotted 
goannas travelled between dune, grassland and woodland habitat, while female yellow-spotted 
goannas confined their activities to grass and/or woodland habitat. Indeed, while male yellow 
spotted goannas were frequently trapped on the dunes, females were only caught behind the dunes. 
These findings are supported by camera trap surveys (only larger yellow-spotted goannas opened 
and consumed turtle eggs: Chapter 2), and indicate that large male yellow-spotted goannas are the 
main predators on sea turtle nests. 
 
Many animals have evolved mechanisms whereby their territory is identified by visual, auditory or 
olfactory signals, and these signals are used by conspecifics to avoid each other’s territories (Brown 
& Orians 1970). My GPS data indicated that both male–male and male–female yellow-spotted 
goanna home ranges overlap to a large degree, indicating that individuals of this species do not 
exclude conspecifics from their home ranges. However, detailed examination of date and time 
records of GPS locations of individuals indicate that, at any given time, individuals were rarely 
closer than 15 m from each other (just 18 encounters in 341 days of tracking, see Chapter 7), even 
though their home ranges overlapped. Hence it is possible that yellow-spotted goannas use their 
excellent sense of smell (Blamires & Guinea 1998; King & Green 1999; Vincent & Wilson 1999) to 
detect and avoid conspecifics when close to each other. Further research is required to explore the 
intraspecific interactions of this species. 
 
As no studies have compared the activity area of an individual goanna over multiple years, it is not 
known whether goannas shift their home range during their lifetime. Within my study, one male 
yellow-spotted goanna that was tracked over two summer seasons had very similar home ranges in 
both seasons, suggesting that it is possible that some males of this species may exhibit long term 
site fidelity. However, this conclusion must be treated with caution because data for only two years 
were examined and they may be biased towards animals that inhabit the frontal dune area. As the 
primary focus of the current study was investigating predation on sea turtle nests, almost all 
trapping effort was concentrated on the dune area immediately behind the frontal dune. However, 
on two occasions male yellow-spotted goannas were caught 1 km inland from the frontal dune, with 
one of them travelling to the beach front, presumably to exploit the seasonably available sea turtle 
eggs. More data are needed to understand whether inland-inhabiting yellow-spotted goannas 
regularly travel to the dune front during the sea turtle nesting season to exploit this seasonal food 
source. 
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Movement of females 
GPS data indicated that female goannas rarely visited the frontal dunes where sea turtle nests were 
constructed. This was surprising because sea turtle nests could provide an energy- and nutrient-rich 
food source for female goannas, ideal for providing the resources needed to manufacture their own 
eggs. A previous study found that male lace monitors can exclude both other male and female 
conspecifics from resource-rich areas (Jessop et al. 2012). Although males excluding females from 
the resource-rich beach area may be a possible reason that females do not exploit sea turtle nests, 
this does not seem likely because the home ranges of females overlap with the home ranges of 
multiple males. Because adult female yellow-spotted goannas are considerably smaller than males, 
the increased exposure to aerial predators such as sea eagles (Haliaeetus leucogaster) that occurs on 
frontal dune areas may be a possible explanation why the female yellow-spotted goannas do not use 
these frontal dune areas as frequently as large males. 
 
Diurnal activity patterns 
Yellow-spotted goannas are a diurnally active species (Shine 1986; Cogger 1993), and my GPS data 
supported this conclusion, with peaks in activity occurring in the early morning and mid-afternoon 
during the summer season. This suggests that yellow-spotted goannas avoid peak activity when the 
sun is highest in the sky and solar radiation is at its peak. Data from the temperature probes within 
the surface-mounted GPS units indicated that yellow-spotted goannas were always at locations 
warmer than shaded air temperature. The body surface temperature was always greater than 30°C 
between 07:00 and 18:00 hours and exceeded 35°C during the middle of the day when goannas 
decreased their activity. These body surface temperature data suggest that yellow-spotted goannas 
typically emerge from their overnight shelters between 06:00 and 07:00 hours, bask to warm up, 
and then become active. During the middle of the day when ambient temperatures are maximal, 
activity decreases, but the goannas are still moving between sunshine and shade because their body 
surface temperature far exceeds shaded air temperature. They then increase activity again in 
mid-afternoon, before decreasing activity in the late afternoon and evening. This indicates that most 
foraging is done during early morning and again during mid-afternoon, and is supported by camera 
trap data which indicates that most predation on sea turtle nests occurs during early morning and 
mid-afternoon (Chapter 2). 
 
Inter-year variation in activity 
The rate of predation by yellow-spotted goannas on sea turtle nests at Wreck Rock beach was twice 
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as high in the 2014-15 nesting season than in the 2015-16 nesting season (Chapter 4). Chapter 2 
used passive sand plots to monitor the goanna density on the frontal dune, and found that general 
goanna activity on the frontal dune in 2014-15 was also twice as high as in 2015-16. For these 
reasons I compared GPS data for male yellow-spotted goannas between these two seasons to see 
whether I could explain the difference in goanna activity on the frontal dune. I found no statistically 
significant differences in any of the parameters I measured between the two seasons (Table 5.2); 
however, home range calculated by both the MCP and KKB methods appeared to be twice as large 
in the 2015-16 season as in the 2014-15 season and both of these differences were on the verge of 
statistical significance (Table 5.2). Maybe there were twice as many male yellow-spotted goannas 
roaming the beach and dune areas in the 2014-15 season as in 2015-16 season and this resulted in a 
halving of the home-range areas in 2014-15. A study in which sea turtle nest predation rate, frontal 
dune goanna activity, home range and population density estimates are made simultaneously will 
need to be performed over several seasons to determine whether large interseason fluctuation in 
goanna density does occur. 
 
Implications for management 
Nest predation is a major problem for the conservation of sea turtle populations. Unlike the 
relatively recent threat from invasive mammalian predators, it is likely that yellow-spotted goannas 
were preying on sea turtle nests long before the European settlement of Australia. However, the 
level of predation by goannas was likely lower than at present, because the present rate of predation 
would not allow long-term persistence of sea turtle nesting at this beach. A reduction in fox 
numbers in the 1990s may have resulted in an increased recruitment of yellow-spotted goannas to 
historically high levels, because foxes are most likely predators of yellow spotted-goanna nests. 
Before European settlement and the introduction of foxes, hunting of goannas by native people may 
have reduced the density of goannas on the frontal dunes. 
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Chapter 4 compared different methods of directly protecting sea turtle nests against goanna 
predation, and found that deploying plastic mesh on the top of turtle nests was the most effective 
and economic way of physical nest protection. The finding of the current study that only a relatively 
few adult male yellow-spotted goannas are responsible for opening sea turtle nests suggests another 
possible management strategy. A cost analysis (Booth 2016) found that the trapping and temporary 
removal (for the duration of the sea turtle nesting season) of the beach-front-inhabiting adult male 
yellow-spotted goannas to a reptile-holding centre was cheaper than the use of plastic mesh barriers 
on top of nests. These goannas would be trapped during late November and early December, the 
beginning of the sea turtle nesting season, and then be returned to their site of capture at the end of 
March, by which time the eggs in most sea turtle nests have hatched. If this strategy were to be 
implemented, a monitoring program of its implementation would be necessary because in some 
other vertebrate species, removal of dominant males causes social perturbations and increased 
movement and immigration from neighbouring areas (Macdonald & Bacon 1982; Carter et al. 2007; 
Davidson et al. 2011). 
 
Publicly available GPS data 
The GPS data used in this Chapter is publicly available at the ZoaTrack website: 
http://zoatrack.org/. 
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CHAPTER 6 
 
Intraspecific variation in space use of a coastal population of the monitor lizard, Varanus 
varius 
 
Abstract 
The lace monitor (Varanus varius) is a carnivorous scavenger that inhabits lowland forests and 
coastlines throughout south-eastern Australia. Here I used global positioning system (GPS) devices 
to remotely monitor adult lace monitor behaviour across two summer seasons in a coastal habitat 
adjacent to a sea turtle nesting beach at Wreck Rock, Queensland, Australia. A major aim of this 
study was to use spatial data from telemetry to establish if goannas were a threat to turtle nests. GPS 
tracking showed that lace monitors spent most of their time in woodland habitat away from the 
sea-front dune areas. Both adult males and females occupied relatively large home ranges and 
individual home ranges overlapped each other to a large extent. The space-use patterns of individual 
lace monitors could be classified as either ‘linear’ or ‘clumped’ indicating plasticity in this species’ 
movement behaviour. Because lace monitors rarely visited the frontal-dune area where sea turtles 
nest, they do not pose a significant threat to sea turtle nests. 
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Introduction 
Terrestrial top-predators can play important roles in structuring food webs and ecosystems 
(Terborgh et al. 2001), and living space plays an important role in in obtaining the resources used by 
these animals (Guarino 2002). ‘Home range’ is a widely used term to describe the living space of an 
animal and is defined as the total area in which an animal lives and travels, and reflects the animals’ 
behavioural repertoire, such as food gathering, mating and caring for its young (Burt 1943). For 
many species, the food abundance in an area is an important factor influencing the size of their 
home range due to the caloric return from food and foraging time needed to gather sufficient food to 
meet their energy demands (Charnov et al. 1976). Therefore, understanding the dynamics of spatial 
ecology in a species is essential for its pragmatic management (Donovan et al. 2011), and is 
particularly important in managing top predators because of their influence on lower trophic levels 
(Terborgh et al. 2001; McCann et al. 2005). 
 
The lace monitor (Varanus varius) is a large diurnal carnivorous scavenger that inhabits the lowland 
forests of south-eastern Australia (Weavers 1989). Like most monitor lizards, lace monitors are 
opportunistic predators, feeding on a wide range of prey, including mammals, birds, reptiles and 
invertebrates (Guarino 2001). A large variety of reptiles, mammals, insects, and crabs inhabit the 
coastal dunes of northern Australia; and seasonal bird and/or turtle nests are common on or adjacent 
to beaches (MacNae 1968; Trevallion et al. 1970; Blamires 2004), potentially providing a large 
variety of food resources for coastal monitor lizards. For example, in a population of yellow-spotted 
goannas (V. panoptes) inhabiting the dunes at Fog Bay, Northern Territory, Australia, diet was 
dominated by flatback turtle (Natator depressus) eggs during the sea turtle nesting season (Blamires 
2004), and in Chapter 2 also I found yellow-spotted goannas are the main predator of loggerhead 
turtle (Caretta caretta) nests at Wreck Rock beach Queensland, Australia. However, there have been 
no published reports of lace monitors predating sea turtle eggs. 
 
Reliable information on the space use of large varanid lizards is scant, and this lack of information 
has resulted in confusion about patterns of movement and spatial requirements of these lizards 
(Auffenberg et al. 1991; Phillips 1995; Thompson, Boer & Pianka, 1999). Most studies 
investigating home range in monitor lizards have relied on either the manual collection of location 
data via VHF-radio-telemetry or visual sightings (Weavers 1993; Guarino 2002; Blamires 2004). 
The sampling frequency in such studies is typically low which is permissible for estimating overall 
home range size if the study period is long enough, but is not reliable for estimating fine scale 
movement patterns. High frequency sampling of location is needed to interpret an animal’s 
fine-scale spatial use of habitat. In addition, most of the home range studies of monitor lizards have 
77 
 
defined the home range using the minimum convex polygon (MCP) method (Weavers 1993; 
Guarino 2002; Blamires 2004). The MCP method for calculating home range provides a measure of 
the full extent of the area visited by an individual, but it ignores frequency of use of areas within the 
home range (Campbell et al. 2013). Hence, it is suggested that using the Kernel Brownian Bridge 
(KBB) method to calculate home range is a better way to interpret an animal’s spatial use of habitat 
because it takes into account the frequency of location fixes based upon the entire sample of 
locations collected during the period of interest rather than placing an emphasis on the most 
outward location points (Bullard 1991; Horne et al. 2007). 
 
The mean home range of lace monitors in inland Australia was 1.845 km2 using the MCP method 
(100% MCP) (Guarino 2002), but using similar methods Weavers (1993) reported the home range 
in a different study location to be just 0.650 km2. It is not known if this difference is due to 
differences in habitat and/or locality, or to differences in location frequency used to calculate home 
range. No information is available on the space use of a coastal inhabiting population of lace 
monitors. 
 
The aim of this study was to quantify the movement patterns and space use of a coastal population 
of lace monitors that could potentially access sea turtle nests as a source of food. I hypothesized that 
males and females would show differences in movement patterns, males may move more widely 
searching for potential mates, while females may concentrate on food searching in order to produce 
as many eggs as possible. I was also particularly interested in discovering if lace monitors regularly 
foraged along the open beach dunes where they could potential exploit sea turtle nests as a food 
source. Furthermore, due to the high temporal resolution and spatial accuracy of the GPS-based 
location data, I suspected that new insights into monitor lizard movement, interaction, and 
space-use would also be revealed. 
 
Methods 
 
Study site 
Referred to Chapter 2 for a description of the study site. The initial capture locations of the lace 
monitors were scattered north and south of Wreck Rock, both behind the dune area and further 
inland (Fig. 6.1). 
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Figure 6.1. The study site at Wreck Rock beach adjacent to Deepwater National Park, QLD, 
Australia. The initial capture locations of the lace monitors tracked in the study are indicated by 
triangles (males) and circles (females). 
 
The frontal-dunes where sea turtle nests are found are sparsely vegetated with grasses, immediately 
inland of the frontal-dune are sand dunes sparsely covered in casuarina trees, and behind these are 
low acacia trees. From about 200 m inland of the frontal-dunes the land becomes open-woodland 
dominated by eucalyptus and palm trees. A camping ground is located 300 meters inland from the 
sea adjacent to Wreck Rock within the eucalyptus-palm woodland and during my study period up to 
100 campers used this area. Some of these campers left food out which was opportunistically 
exploited by lace monitors. 
 
Animal capture, tagging and release 
Refer to Chapter 5 for methods used to capture measure and attach GPS units to goannas. GPS data 
loggers were deployed on five (4M, 1 F) lace monitors (all modified GT-120 units) in the first 
season (between 4th December 2014 and 8th March 2015) and 15 (11 M, 4 F) lace monitors (11 
modified GT-120 units and 4 FLV units) in the second season (between 4th December 2015 and 
10th April 2016). 
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Data analysis 
Refer to Chapter 5 for methods for details of data analysis.  
 
Calculating habitat selection index  
For lace monitor GPS location, a habitat selection index (Ŵ) was calculated for each of the habitats 
(beach, dunes, woodland and plain) from the equation (Manly et al. 1993):  
Ŵ = Oi /πiwhere Oi = the proportion of the population sampled in each habitat, and πi = the 
proportion of total study area each habitat occupies. The habitat selection index was converted to a 
standardized habitat selection index (Bi) for each habitat by calculating the proportion of total of 
habitat selection index utilized, by the equation (Manly et al., 1993): 
Bi = Ŵi / ∑Ŵ 
 
Results 
Study animals 
Male and female lace monitors had similar body mass and averaged 3.0 kg (Fig. 6.2A). Individual 
lace monitors were tracked for periods of between 16 and 86 days (40.0 ± 5.0 days). Each animal 
had between 240 to 3157 reliable GPS fixes (1445 ± 223). It took longer for female home range to 
stabilize than male (Figure 6.2B). 
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Figure 6.2. Summary statistics for 15 male and five female lace monitors tracked by GPS-based 
telemetry in this study. A. Body mass. B. The number of days needed for home range to stabilize. C. 
Home range area calculated using the MCP method. D. Home range area calculated using the KBB 
method. E. Distance moved in a day. F. Proportion of fixes located in the beach dunes where sea 
turtle nests are located. 
 
Movement patterns 
Both male and female lace monitors spent very little of their time in the frontal-dune area where sea 
turtles nest (Fig. 6.2F; Table 6.1). The habitat selection indices (Bi) calculated from GPS tracking 
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showed that woodland forest (Bi = 0.57) was preferentially selected. The plain and dune (Bi = 0.22 
and 0.16, respectively) were occasionally used. The beach (Bi = 0.11) was not preferentially used 
(Table 4). Some individuals such as M1 and F4, occasionally travelled to the beach dune area, while 
others such as M9 never used fontal-dune habitat (Fig. 6.3). Male and female lace monitors had 
similar ‘moving’ and ‘staying’ speeds, mean distance moved per day and home range size (Figs. 6.2, 
6.4). Both male and female lace monitors spent about 1/3 of their time ‘moving’ and 2/3 of their 
time ‘staying’ (Fig. 6.4A, B). Two individuals (M1 and M3) were tracked in both the 2014-2015 and 
2015-2016 seasons. M1 had similar home ranges in both seasons (Fig. 6.5A, B), while M3 had a 
larger home range in the 2014-2015 season compared to 2015-2016 nesting season (Fig. 6.5C, D). 
Within the same nesting season, the home ranges of different individuals overlap within and 
between the sexes (Fig. 6.6). Both male and female lace monitors had a bi-modal activity pattern, 
with peaks in activity during early morning (7:00 - 8:00) and mid-afternoon (14:00 - 15:00) 
separated by a distinct decrease in activity during the middle of the day (9:00 - 12:00) (Fig. 6.7). 
 
Table 6.1. Calculation of standardized habitat index (Bi) as a proportion of selection index (Ŵ) 
based on GPS tracking locations for Lace monitors. Where population proportion (πi) is calculated 
as a percentage of the total area, for each of the habitats covered. Sample counts are the number of 
GPS locations in each habitat. Sample proportion (Oi) is the sample count as a percentage; and 
selection index is calculated by Ŵ = Oi /πi (Manley et al. 1993). 
 
Habitat Population 
proportion (πi) 
Sample 
count 
Sample 
proportion (Oi) 
Selection 
index (Ŵ) 
Standardized habitat 
index (Bi) 
Woodland  80.00 28020 97.05 1.21 0.57 
Plain 17.71 550 1.91 0.11 0.05 
Dune  1.91 264 0.91 0.48 0.22 
Beach 0.38 37 0.13 0.34 0.16 
Total 100 28871 100 2.14 1.00 
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 Figure 6.3. GPS fixes of three representative lace monitors (F4 = 3.6 kg, M1 (2nd year) = 2.6 kg 
and M9 = 2.0 kg) along with plots of their distance from the dune front. Grey area = Land; White 
area = Sea. 
 
 
Figure 6.4. A fine scale analysis of GPS data indicated that monitor lizards tended to spend 
extended periods of time at a particular location (= ‘staying’), before commuting to another location 
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(= ‘moving’) (see text for details). Statistics for 15 males and 5 females. A. Proportion of fixes 
classified as ‘moving’. B. Proportion of fixes classified as ‘staying’. C. Mean speed of movement in 
lace monitors during ‘moving’ behavior. D. Mean speed of movement in lace monitors during 
‘staying’ behaviour. 
 
Examination of the plots of GPS fix data indicated that areas occupied by lace monitors could be 
classified into two discrete space-use patterns ‘clumped’ and ‘linear’. Twelve out of 15 males and 
three out of 5 females displayed the ‘clumped’ pattern (Fig. 6.8A, C), where fixes remained 
relatively static on a day-to day basis throughout the study and home range could be accurately 
calculated using the MCP method. However, three out of 15 males and two out of 5 females did not 
demonstrate a stable MCP, and moved more or less in a straight line between distant locations, and 
were classified as ‘linear’ (Fig. 6.8B, D). Two males (M1 and M3) tracked in both seasons exhibited 
the ‘linear’ space-use pattern in 2014-2015, but switched to the ‘clumped’ space-use pattern in 2015 
– 2016 (Fig. 6.5). 
 
Figure 6.5. GPS fixes from two male lace monitors that spent some of their time in dune habitat 
across two different sea turtle nesting seasons. A: M1 first season from 04/12/2014 to 21/12/2014 
(‘linear’ space-use pattern); B: M1 second season from 04/12/2015 to 14/01/2016 (‘clumped’ 
space-use pattern); C: M3 first season from 07/01/2015 to 17/01/2015 (‘linear’ space-use pattern); 
D: M3 second season from 08/02/2016 to 09/04/2016 (‘clumped’ space-use pattern); Grey area = 
Land; White area = Sea. 
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 Home range 
There was no difference between male and female home range when calculated by either the 95% 
MCP or the 95% KBB method (Fig 6.2C, D). Although the average home range size calculated by 
MCP appeared larger than KBB method in both sexes, there was no significant difference between 
these two methods (Paired Student’s t-test, males: t-value = 2.067, df = 14, p = 0.058; females: 
t-value = 1.689, df = 4, p = 0.166). When grouped into ‘linear’ and ‘clumped’ categories, the 95% 
home range of ‘linear’ individuals calculated by MCP method (3.617 ± 1.336 km2) was six times 
greater (Pair Student’s t-test, t-value = 2.794, df = 4, p = 0.049) than the KBB method, and 1.6 
times greater (Pair Student’s t-test, t-value = 3.781, df = 14, p = 0.002) for ‘clumped’ individuals 
(MCP 0.603 ± 0.120 km2, KBB 0.373 ± 0.080 km2. In most individuals the time taken for home 
range to stabilize was less than 25 days, but in one female, home range did not stabilize even after 
60 days, the time when I ceased tracking this individual (Figure 6.9). In general, ‘linear’ individuals 
occupied larger home ranges (3.617 ± 1.336 km2) than the ‘clumped’ individuals (0.603 ± 0.120 
km2, Student’s t-test: t value = 3.976, df = 18, p < 0.001) when home range was calculated by the 
MCP method. However, there was no significant different in the KBB home range between ‘linear’ 
(0.633 ± 0.290 km2) and ‘clumped’ (0.373 ± 0.080 km2) individuals (Student’s t-test: t value = 1.228, 
df = 18, p = 0.235). 
 
Figure 6.6. Representative data of home range of lace monitors from different individuals during the 
2015-2016 nesting season. MCP 95% calculated from GPS location data. Blue area = M14; Green 
area = F5; Brown area = M8; Orange area = M9; Yellow area = M13; Purple area = M11; Red area 
= M6. Black area = M7; Grey area = Land; White area = Sea. 
85 
 
 
Figure 6.7. Relationship between shaded air temperature (dotted line), body surface temperature 
(solid line) and movement speed (m/h, grey bars) of a lace monitor (ID = M1 second year) during a 
turtle nesting season (04/12/2015 – 14/01/2016). Shade temperature record from a weather station at 
Agnes Waters located 8 km from study site. Means ± SE. Note peaks in movement speed in the 
morning and afternoon with a dip in movement speed around midday. 
 
Figure 6.8. GPS fixes of lace monitors demonstrating either linear or clumped movement behaviour. 
A: ‘clumped’ female (F3) B: ‘linear’ female (F2) C: ‘clumped’ male (M12) D: ‘linear’ male (M4). 
Grey area = Land; White area = Sea. 
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Figure 6.9. The time taken for home-range size to stabilise. Home range size calculated by 100% 
minimum convex polygon (km2) as a function of days. Solid line = Males; Dot line = Females 
 
Discussion 
My study provided four insights into lace monitor spatial ecology and movement activity. First, lace 
monitors could move relatively long distances, but the distance moved and area used varied 
considerably among individuals. Second, the home range of different individuals overlapped to a 
large degree with other individuals in both males and females. Third, lace monitors exhibited a 
diurnal bimodal activity pattern, with a peak in activity in the morning and another peak in activity 
in the late afternoon. Fourth, relatively few lace monitors occupied the dune area where sea turtle 
nests are located, and even when individuals did visit the beach dunes, they spent relatively little 
time in this region. 
 
Movement patterns 
In the coastal habitat at Deepwater National Park adjacent to Wreck Rock beach home range size of 
lace monitors varied considerably between individuals, and there was no overall difference between 
males and females. Body mass, food abundance and foraging mode are attributes known to 
influence the home range of lizards (Rose 1982; Christian & Waldschmidt 1984), so the lack of a 
difference between home ranges between males and female lace monitors probably reflects the fact 
that males and females have similar body size and similar movement patterns. I expected that 
females might forage over a wider area in order to gather enough energy and nutrients to form their 
eggs. However, this was not the case, the energy needs of males and females appear to be similar as 
indicated by the similarity in their home range size. This contrasts with yellow-spotted goannas 
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from the same study area in which the larger-bodied males have a conspicuously larger home range 
compared to the smaller females (Chapter 5). 
  
I observed two distinct space-use patterns in lace monitors. Some individuals (2 females, 3 males, 
25% of individuals tracked) exhibited a ‘linear’ pattern, traveling relatively long distances in a 
straight line so that the distance between the starting and end points within the same day was 
relatively far. While others (3 females, 12 males) exhibited a ‘clumped’ pattern in which movements 
were confined to a relatively small area so that the distance between the starting and end points 
within the same day was relatively near. 
 
The ‘linear’ pattern appeared to be more common in females (40%) than males (20%). Guarion 
(2002) reported that some male lace monitors travelled long distances (> 1000m per day) during 
summer, and implied that breeding activity may be an important factor which increased home range 
size and daily distances moved during summer.  For example, male V. albigularis are reported to 
move > 2000m in search of receptive females (Phillips 1995), and a male V. tristis travelled > 890m 
during the breeding season (Thompson et al. 1999). However, in my study, both male and female 
lace monitors travelled long distances and displayed the ‘linear’ pattern during the study, and this 
pattern was less common in males than females so it is unlikely that differences in the breeding 
activity of individuals explains why some individuals had a ‘linear’ space-use pattern and others 
than a ‘clumped’ space-use pattern. Differences in daily activity and distances moved may be driven 
by the differences in food abundance and distribution, so sudden changes in activity of monitor 
lizard observed in the current and previous studies (Auffenberg 1981, 1994; Carter 1992; Weavers 
1993; Guarino 2001) may be related to foraging behavior. In the current study, the opening up of sea 
turtle nests by yellow-spotted goannas (V. panoptes) presented a chance to exploit an energy and 
nutrient rich food source and thus may have opportunistically attracted lace monitors to the beach 
dune area, although both my GPS tracking and camera trap data suggest relative few individuals 
exploit this food source.   
 
In contrast, most individuals (75% of individuals tracked) exhibited the ‘clumped’ space-use pattern, 
confining their movements to a relatively small area, and this pattern was more common in males 
than females. Clearly these smaller home range areas provided enough foraging opportunities and 
food to sustain individuals. However, individuals were not restricted to a particular pattern, and if 
tracked for long enough both ‘clumped’ and ‘linear’ patterns could be exhibited by the same 
individual. For instance, I tracked lace monitors M1 and M3 for two seasons and found that both 
individuals displayed the ‘linear’ space-use pattern in the 2014-2015 season, but displayed the 
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‘clumped’ space-use pattern during the 2015-2016 season. I do not know why they changed their 
space-use pattern between seasons but there was no systematic difference in space-use pattern of 
lace monitors between years, individuals exhibiting ‘linear’ and ‘clumped’ patterns could be found 
in both seasons. 
 
Overlap of home ranges 
Home range of individuals of both sexes of lace monitor overlapped each other to a large degree 
indicating that this species does not activity exclude conspecifics from their home range. Four of 
my tracked male lace monitors shared the camping ground area, and I observed several other males 
in this area as well, probably exploiting campers’ food scraps. I never witnessed aggressive 
encounters between any of these individuals. This finding is consistent with a previous study of lace 
monitors where adults shared the same area and where up to six males were observed to court the 
same female simultaneously (Guarino 2002) and suggests lace monitors lack strong territoriality, 
when a plethora of food is available. However, male lace monitors have been observed to exclude 
both other male and female conspecifics from resource-rich areas (Jessop et al. 2012), indicating 
aggressive exclusion behaviour does occur in some lace monitor populations. 
 
Diurnal activity patterns 
Lace monitors are a diurnally active species (Shine 1986; Cogger 1993). My GPS data supported 
this conclusion, with peaks in activity occurring in the early morning and late-afternoon during the 
summer season. Guarino (2002) also found the daily activity pattern of lace monitor was bimodal 
during the summer period. However, I cannot rule out nocturnal activity as my GPS loggers were 
programed to be off at night, but the last GPS location logged during the day and the first GPS 
location logged the next morning were always within 50 m of each other suggesting little if any 
movement of monitored animals during the night. Guarino (2002) reported lace monitors were 
observed moving as early as 2 h after sunrise and as late as 30 min after sunset. Lei & Booth (2015) 
(Chapter 2) found that lace monitors appeared at turtle nests between 7:00 - 17:00. These 
observations suggest lace monitors only forage during daylight. Data from the temperature probes 
within the surface mounted GPS units indicated that lace monitors were always at locations warmer 
than shaded air temperature (Fig. 6.7). The body surface temperature was always greater than 30 °C 
between 7:00 and 18:00 and reached 35 °C during the middle of the day when monitor lizards 
decreased their activity. My body surface temperature data suggests that lace monitors typically 
emerge from their overnight shelters between 6:00 and 7:00, move into sunshine to warm up, and 
then become active. During the middle of the day when ambient temperatures are maximal, activity 
decreases, but they are still moving as indicated by changing GPS fixes, and are most likely moving 
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between sunshine and shade because their body surface temperature far exceeds shaded air 
temperature during this time (Fig. 5.7). Then, later in the afternoon, they become more active again 
before decreasing activity in the evening as they seek out an overnight resting place. 
 
Lace monitors as potential predators of sea turtle nests 
Most of lace monitors tracked in the current study did not use the frontal-dunes where sea turtles 
nest, and those that did venture into this area only spent a relatively small amount of time there (Fig. 
6.2F). Camera trap data indicate that the appearance of lace monitors at sea turtle nests is relatively 
rare (Chapter 2; Lei & Booth 2015), and further, that lace monitors only predated nests that had 
been previously opened by yellow-spotted goannas. These observations suggest that lace monitors 
are not regular predators of sea turtle nests. 
 
Comparing home range and movements of lace monitors at Wreck Rock with previous studies 
My study provides new information on the movement patterns and home-range size of lace 
monitors, which are different from previous low sample frequency radio-tracking studies. Guarino 
(2002) reported the average distance moved by lace monitors in a day during summer was 335 ± 16 
m, with several males moving larger distances (> 1000 m) on some days. However, my GPS data 
indicated the distance moved by lace monitors in a day exhibiting both ‘linear’ and ‘clumped’ 
space-use patterns were similar and regularly > 1000 m. Moving the same distance, but having quite 
large differences in the distance between the start point in the morning and end point in the evening 
indicates that lace monitors exhibiting the ‘clumped’ and ‘linear’ patterns maintained similar 
activity levels during the day but that they had different movement patterns. Individual exhibiting 
the ‘clumped’ space-use pattern changed direction frequently while foraging so that the absolute 
straight-line distance moved between the beginning of the day and end of day was relatively short. 
In contrast, individuals exhibiting the ‘linear’ space-use pattern tended to move in the same 
direction for long periods of time so that the absolute straight-line distance moved between the 
beginning of the day and end of day was relative longer. Because of the low sample rate of fixes 
typically used in radio-tracking studies of lace monitors, it is not possible to determine if there were 
inter-individual differences in daily movement patterns. The mean home range of lace monitors in 
inland Australia was reported to be 1.845 km2 using the 100% MCP method (Guarino 2002), but 
using similar methods Weavers (1993) reported the home range to be just 0.650 km2 at a different 
study site. The differences between these studies may be related to the low number of fixes used to 
calculate home range, 14 in Weavers (1993) and 60 in Guarino (2002). Insufficient sampling by 
Weavers (1993) may have resulted in an under-estimate of home range, or it is possible that lace 
monitors in Weavers’ (1993) study exhibited the ‘clumped’ space-use pattern but those in Guarino’s 
90 
 
(2002) study exhibited the ‘linear’ space-use pattern. Indeed, the 0.650 km2 home range reported by 
Weavers (1993) is within the range (0.025 - 0.1.395 km2) for ‘clumped’ individuals in the current 
study, and the 1.845 km2 home range reported by Guarino (2002) is within the range (0.498-7.772 
km2) for ‘linear’ individuals in the current study. 
 
In my study, the MCP method overestimated the home range size compared to the KBB method in 
lace monitors exhibiting both ‘linear’ and ‘clumped’ space-use patterns. The KBB method is 
considered a more appropriate estimate of home range because it better estimates the actual area 
used by individuals rather than the entire area bounded by the most peripheral fixes (Campbell et al. 
2013). Importantly, the conclusion based on the MCP method that home range size is larger in 
‘linear’ individuals compared to ‘clumped’ individuals changes when the KBB method is used to 
calculate home range. ‘Linear’ individuals appear to move rapidly between focal areas, and then 
spend several days in a relatively small focal area before moving to the next relatively small focal 
area. In contrast, clumped individuals use just one focal area, but this focal area is larger than the 
multiple focal areas used by ‘linear’ individuals. 
 
To conclude, at my study site home range of male and female lace monitors was similar, probably 
due to their similar body size, and their preferred activity area was in the mixed woodland areas 
behind the beach-front sand dunes. Individuals rarely moved into the frontal-dune area and are 
therefore likely to be infrequent predators of sea turtle nests. Lace monitor space-use patterns could 
be classified into ‘clumped’ and ‘linear’, with clumped being the most frequent pattern. In both 
types of space-use pattern, daily activity as reflected by distance moved was similar, but movement 
tended to be in one direction in lace monitors exhibiting the ‘linear’ pattern, and characterized by 
frequent changes in direction in lace monitors exhibiting the ‘clumped’ pattern. 
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CHAPTER 7 
 
Analysis of intraspecific and interspecific interactions in two monitor lizard species adjacent 
to a sea turtle nesting beach 
 
Abstract 
Differential space use is one of the strategies used by species with similar niche requirements to 
avoid direct competition while in sympatry. Here I used Global Positioning System (GPS) devices 
to investigate a system of two coexisting species of monitor lizards in a coastal habitat adjacent to a 
sea turtle nesting beach. Adults of yellow-spotted goannas Varanus panoptes and lace monitors V. 
varius were tracked throughout the sea turtle nesting season to explore their space use and 
investigate how often individuals were close enough to each other that direct interspecific and 
intraspecific interactions could occur. The two species tended to used different habitat types at this 
site. Yellow-spotted goannas spent a greater proportion of their time in the beach-front dune habitat 
where sea turtles nest, while lace monitors spent most of their time in the woodland habitat behind 
the beach-front dunes and as a consequence encountered few sea turtle nests. Yellow-spotted 
goannas and lace monitors rarely came closer than 15 m of each other both intra- and 
interspecifically even though their home ranges overlapped by varying amounts. 
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Introduction 
The importance of interspecific and intraspecific interaction is a highly controversial and 
unresolved issue for community ecology (Lisičić et al. 2012). Presumably there is always some 
degree of direct completion between individuals of the same species as by definition they share the 
same niche, but just because different species appear to have somewhat similar ecologies and 
overlap in their special distribution, it does not necessarily mean they are in direct competition with 
each other. However, the co-existence of species with similar niche requirements in the same 
geographic area may result in interspecific competition (Schoener 1974). In particular, if the home 
range of individuals overlap to a large degree, the conflicts involved in accessing similar resources 
will increase and may result in negative effects in one or both species (Downes & Bauwens 2002; 
Merkle et al. 2009; Lisičić et al. 2012). In order to overcome the potentially negative effects of 
niche competition, many sympatric species evolve strategies that allow co-existence in the same 
area such as niche shifts and character displacement (Schoener 1974, Vitt & Zani 1998; Grbac & 
Brnin 2006; De Pinho et al. 2009). Interspecific interactions and niche shift in reptiles has been 
frequently investigated (Huey & Pianka 1977; Werner et al. 2005; Lisičić et al. 2012). For example, 
Huey & Pianka (1977) explored the patterns of niche overlap and competition between scincid and 
gekkonid lizards in the Kalahari Desert and found differences in microhabitat use between species. 
Similarly, Lisičić et al. (2012) investigated two gecko species (the house gecko, Hemidactylus 
turcicus and the wall gecko, Tarentola mauritanica) with overlapping distribution and similar 
ecologies and found divergences in habitat use of both juveniles and adults when the species are in 
sympatry compared to when they are in allopatry. However, there are no studies that report on 
interspecific interactions within Varanid lizards.  
Two species of diurnal, carnivorous monitor lizard, the yellow-spotted goanna Varanus panoptes 
and lace monitor V. varius are often found inhabiting the same coastal areas in Queensland, 
Australia (Cogger 1993). These monitor lizards share many biological characteristics such as 
necrophagous foraging behaviour (Cogger 1993), which can be expected to result in interspecific 
competition. However, differences in temporal and spatial use of habitat may decrease the 
potentially negative effects of interspecific competition (Chapter 5; Chapter 6). For example, 
yellow-spotted goannas spent a greater proportion of their time in the beach dune area compared to 
lace monitors (Chapter 5; Chapter 6). However, how often individuals of these two species 
encounter each other intraspecifically and interspecifically is unknown. Most studies investigating 
habitat utilisation in monitor lizards have relied on either the manual collection of location data via 
VHF-radio-telemetry or visual sightings (Weavers 1993; Guarino 2002; Blamires 2004). The 
sampling frequency in such studies is typically low which is permissible for estimating overall 
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home range size if the study period is long enough, but is not reliable for estimating fine scale 
movement patterns. High frequency sampling of location is needed to investigate an animal’s 
fine-scale spatial use of habitat, and thus interpreting intraspecific and interspecific interactions 
between or within species. 
Here, I investigate the frequency of close encounters between individual monitor lizards in a coastal 
habitat adjacent to a sea turtle nesting beach. My aim was to answer three main questions: (1) how 
often do conspecific individuals come close enough to each other to permit direct interactions 
between individuals; (2) how often do interspecific individuals come close enough to each other to 
permit direct interactions between individuals; and (3) how often do yellow-spotted goannas and 
lace monitors come into contact with sea turtle nests? 
Materials and methods 
Study site 
This study was conducted along Wreck Rock Beach adjacent to Deepwater National Park, Southeast 
Queensland (24°15’ 40” - 24°21’ 39”S and 151°53’ 28” - 151°58’ 27” E). The frontal-dunes where 
sea turtle nests are found are sparely vegetated with grasses, immediately inland of the frontal-dune 
are sand dunes sparely covered in casuarina trees, and behind these are low acacia trees. From about 
200 m inland of the frontal-dune the land becomes open-woodland dominated by eucalyptus and 
palm trees. A camping ground is located 300 meters inland from the sea adjacent to Wreck Rock 
within the eucalyptus-palm woodland and during my study period up to 100 campers used this area. 
Some of these campers left food out which was opportunistically exploited by lace monitors, but 
yellow spotted goannas were less commonly encountered around the camping ground. 
Sea turtle nest location 
During part of the 2014-2015 and 2015-2016 sea turtle nesting seasons (1 December-10 January), 
loggerhead turtle nests were found each night by Turtle Care Volunteers Queensland Inc. personnel. 
When a nest was found its location was recorded by GPS, and this nest location data used to 
calculate the number of nests individual goannas potentially encountered during the monitored 
period. 
Animal capture, tagging and release 
See Chapter 5 for details of animal capture and attachment of GPS loggers. GPS data loggers were 
deployed on five (4M, 1 F) yellow-spotted goannas (all modified GT-120 units) in the first season 
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(between 4th December 2014 and 8th March 2015) and 19 (15 M, 4 F) yellow-spotted goannas (15 
modified GT-120 units and 4 FLV units) in the second season (between 4th December 2015 and 
10th April 2016). 
Data analysis  
For each of the GPS location fixes, estimated horizontal positional error (EHPE) was used to 
determine the average degree of error for each GPS-unit. All units performed equally and had a 
mean accuracy error of 24.3 ± 1.9 m. All location fixes with an EHPE ≥ 100 m were excluded from 
analysis. A fine scale analysis of GPS data was conducted to estimate the distance between two 
individuals’ GPS location at the same point in time. The 100% minimum convex polygon (MCP) 
plot of home range was calculated using the home range package within the on-line ZoaTrack 
facility (Dwyer et al., 2015) to identify overlapping home ranges. To avoid underestimating the 
frequency of potential interactions between individuals, only data from individuals whose home 
range overlapped for at least 10 days was used in analysis. A ‘potential encounter’ was assumed if 
the distance between two monitor lizards’ GPS location or between a monitor lizard and a turtle nest 
was ≤ 15 m. To calculate distances from GPS location fixes, the length of a degree of latitude and 
longitude was calculated using the online program 
http://www.csgnetwork.com/degreelenllavcalc.html, and Pythagoras’s theorem then used to 
calculate the distance between locations.  
The distance between individual monitor lizards and frontal dune for each GPS fix was calculated 
using R (R x64 3.1.3) (R Core Team, 2016) every time a position was logged. To determine the 
proportion of time spent in the frontal dune habitat where sea turtle nests are located, if the distance 
between the monitor lizard and the frontal beach dune was ≤ 15m, the monitor lizard was classified 
as being within beach-front dune habitat. Refer to Chapter 6 for the method of how it was 
determined that a likely encounter took place. To determine the movement just after a potential 
encounter, 1) if two monitor lizards passed by each other, the event was classified as ‘ignoring’; 2) 
if the distance between the two monitor lizards was ≤ 15m and they stayed in same location, the 
event was classified as ‘staying’; and 3) if two monitor lizards remained ≤ 15m of each other, but 
shifted location, the event was classified as ‘following’.  Data are reported as means ± SE, and 
statistical comparisons were made using Students T-tests assuming significance if P<0.05. 
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Results 
Intraspecific potential encounters in yellow-spotted goannas 
Individual yellow-spotted goannas were tracked for periods of between 9 and 115 days (47.8 ± 1.4 
days). Each animal had between 207 and 2770 reliable GPS location fixes (1148 ± 148). The home 
range of two pairs of male-male yellow-spotted goanna and one pair of male-female overlapped in 
2014-2015. During 2015-2016, the home range of 12 pairs of male-male yellow-spotted goanna and 
10 pairs of male-female overlapped. There were no differences in the number of days male-male 
and male-female pairs whose home rangers overlapped were tracked (Table 7.1). Likewise, there 
were no differences in the number of potential encounters during the tracking period, and no 
difference in the number of potential encounters per day between male-male and male-female pairs 
(Table 7.1). The habitat selection indices (Bi) calculated from GPS tracking for male-male 
yellow-spotted goanna encounters showed that dune habitat (Bi = 0.88) was the most likely habitat 
for encounters to occur in. Such encounters rarely occurred in woodland, plain or beach habitat (Bi 
= 0.02, 0 and 0.1, respectively; Table 7.4). The habitat selection indices (Bi) calculated from GPS 
tracking for male-female lace monitor encounters showed that dune habitat (Bi = 0.71) was the most 
common habitat where these encounters occurred. Such encounters rarely occurred in woodland, 
plain and beach habitat (Bi = 0.01, 0 and 0.28, respectively; Table 7.4). 
 
Intraspecific potential encounters of lace monitors 
GPS data loggers were deployed on five (4M, 1 F) lace monitors (all modified GT-120 units) 
between 4th December 2014 and 8th March 2015, and 15 (11 M, 4 F) lace monitors (11 modified 
GT-120 units and 4 FLV units) between 4th December 2015 and 10th April 2016. Individual lace 
monitors were tracked for periods of between 16 and 86 days (40.0 ± 5.0 days). Each animal had 
between 240 to 3157 reliable GPS fixes (1452 ± 221). The home range of one pair of male-male 
lace monitor and one pair male-female overlapped in 2014-2015, while in 2015-2016, nine pairs of 
male-male lace monitors and 10 pairs of male-female had overlapping home ranges. There were no 
differences in the number of days male-male and male-female pairs whose home ranges overlapped 
were tracked (Table 7.1). Likewise, there were no differences in the number of potential encounters 
during the tracking period, and no difference in the number of potential encounters per day between 
male-male and male-female pairs (Table 7.1). The habitat selection indices (Bi) calculated from GPS 
tracking in male-male lace monitor encounters showed that dune habitat (Bi = 0.82) was where most 
encounters occurred. Such encounters rarely occurred in woodland, plain or beach habitat (Bi = 0.18, 
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0 and 0, respectively; Table 7.4). Similarly, the habitat selection indices (Bi) calculated from GPS 
tracking in male-female lace monitor encounters showed that dune habitat (Bi = 0.83) was where 
most encounters occurred. Such encounters rarely occurred in woodland, plain or beach habitat (Bi 
= 0.17, 0 and 0, respectively; Table 7.4).  
Potential encounters between yellow-spotted goannas and lace monitors 
The home range overlapped in one pair of yellow-spotted goanna and lace monitor during 
2014-2015, and 15 pairs during 2015-2016. The mean overlapped tracking days (mean ± SE) was 
33.8 ± 4.4. There were no differences in the number of days yellow-spotted goanna - lace monitor, 
yellow-spotted goanna - yellow-spotted goanna and lace monitor- lace monitor pairs whose home 
ranges overlapped were tracked (Table 7.2). Likewise, there were no differences in the number of 
potential encounters during the tracking period, and no difference in the number of potential 
encounters per day between yellow-spotted goanna - lace monitor yellow-spotted goanna - 
yellow-spotted goanna and lace monitor- lace monitor pairs (Table 7.2). The habitat selection 
indices (Bi) calculated from GPS tracking for potential interactions between lace monitor and 
yellow-spotted goanna showed that the dune habitat (Bi = 0.88) was where most of these encounters 
occurred. Such encounters rarely occurred in woodland, plain and beach habitat (Bi = 0.12, 0 and 0, 
respectively; Table 7.4).  
The movement behaviours just after two individual goannas meet 
In the vast majority of encounters, individual goannas appear to ignore each other in both 
intraspecific and interspecific interactions. In the second most frequent type of encounter, 
individuals stayed in the same area for a period of time. Only on rare occasions did monitor lizards 
appear to leave the scene of the encounter together, and then this did occur it was always a 
male-female pair of the same species. 
Monitor lizard visiting beach-front dune habitat and turtle nests  
Individual yellow-spotted goannas and lace monitors had a similar number of reliable GPS fixes 
(Table 7.3). However, yellow spotted goannas spent a greater proportion of their time in the beach 
front dune habitat where sea turtle nests were located, and as a consequence potentially encounter 
more sea turtle nests (Table 7.3).  
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 Table 7.1. Summary statistics for intraspecific potential encounters for yellow-spotted goannas and 
lace monitors. 
Interacting species Number of pairs Overlapped tracking 
days (mean ± SE) 
Number of 
potential 
encounters (mean ± 
SE) 
Number of 
potential 
encounters per 
day (mean ± SE) 
 2014-2015 2015-2016    
Yellow-spotted goanna     
Male & Male 2 12 39.1 ± 4.2 1.7 ± 0.5 0.04 ± 0.01 
Male & Female 1 10 31.5 ± 3.9 2.3 ± 0.8 0.09 ± 0.04 
T-test probability   0.19 0.60 0.30 
Lace monitor     
Male & Male 1 9 24.2 ± 5.2 2 ± 1.0 0.07 ± 0.03 
Male & Female 1 4 30.6 ± 5.8 5.4 ± 4.4 0.1 ± 0.07 
T-test probability   0.53 0.49 0.76 
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 Table 7.2. Summary statistics for interspecific potential encounters for yellow-spotted goannas and 
lace monitors. 
Interacting species  Number of pairs Overlapped 
tracking days 
(mean ± SE) 
Number of potential 
encounters (mean ± 
SE) 
Number of potential 
encounters per day 
(mean ± SE) 
Yellow-spotted 
goanna & 
Yellow-spotted 
goanna  
25 35.8 ± 2.9 2.0 ± 0.4 0.06 ± 0.02 
Lace monitor & 
Lace monitor 
15 26.3 ± 4.3 3.1 ± 1.6 0.09 ± 0.03 
Yellow-spotted 
goanna & Lace 
monitor 
16 32.4 ± 4.4 2.1 ± 0.9 0.05 ± 0.01 
T-test probability Yellow-spotted 
goanna & 
Yellow-spotted 
goanna 
0.53 0.90 0.48 
Lace monitor & 
Lace monitor 
0.16 0.71 0.34 
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 Table 7.3. Per individual summary statistics for monitor lizard locations within the beach-front dune 
habitat and with 15 m of sea turtle nests. 
 GPS 
locations per 
individual  
(mean ± SE) 
GPS locations in dune 
habitat (mean ± SE) 
Percentage of GPS 
locations in dune habitat  
(mean ± SE) 
GPS locations within 15 m 
of sea turtle nests (mean ± 
SE) 
Yellow-spotted 
goanna 
1148 ± 148 128.5 ± 44.1 8.3 ± 2.1 4.8 ± 1.5 
Lace monitor 1452 ± 221 32.8 ± 13.0 1.8 ± 0.6 1.7 ± 0.6 
T-test probability 0.26 0.04 0.05 0.06 
 
Table 7.4.  Calculation of standardized habitat index (Bi) as a proportion of selection index (Ŵ) 
based on GPS tracking locations. A. Male-male lace monitor. B. Male-female lace monitor. C. 
Male-male yellow-spotted goanna. D. Male-female yellow-spotted goanna. E. Lace 
monitor-yellow-spotted goanna. Where population proportion (πi) is calculated as a percentage of 
the total area, for each of the habitats covered. Sample counts are the number of GPS locations in 
each habitat. Sample proportion (Oi) is the sample count as a percentage; and selection index is 
calculated by Ŵ = Oi /πi (Manley et al. 1993). 
 
A. Male-male yellow-spotted goanna. 
Habitat Population 
proportion (πi) 
Sample 
count 
Sample 
proportion (Oi) 
Selection 
index (Ŵ) 
Standardized 
habitat index (Bi) 
Woodland  80.00 13 52.00 0.65 0.02 
Plain 17.71 0 0 0 0 
Dune  1.91 11 44.00 23.04 0.88 
Beach 0.38 1 4.00 2.63 0.10 
Total 100 25 100 26.32 1.00 
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B. Male-female yellow-spotted goanna. 
Habitat Population 
proportion (πi) 
Sample 
count 
Sample 
proportion (Oi) 
Selection 
index (Ŵ) 
Standardized 
habitat index (Bi) 
Woodland  80.00 11 44.00 0.55 0.01 
Plain 17.71 0 0 0 0 
Dune  1.91 13 52.00 27.23 0.71 
Beach 0.38 1 4.00 10.53 0.28 
Total 100 25 100 38.31 1.00 
 
 
C. Male-male lace monitor. 
Habitat Population 
proportion (πi) 
Sample 
count 
Sample 
proportion (Oi) 
Selection 
index (Ŵ) 
Standardized 
habitat index (Bi) 
Woodland  80.00 18 90.00 1.13 0.18 
Plain 17.71 0 0 0 0 
Dune  1.91 2 10.00 5.24 0.82 
Beach 0.38 0 0 0 0 
Total 100 20 100 6.37 1.00 
 
D. Male-female lace monitor. 
Habitat Population 
proportion (πi) 
Sample 
count 
Sample 
proportion (Oi) 
Selection 
index (Ŵ) 
Standardized 
habitat index (Bi) 
Woodland  80.00 25 89.29 1.12 0.17 
Plain 17.71 0 0 0 0 
Dune  1.91 3 10.71 5.61 0.83 
Beach 0.38 0 0 0 0 
Total 100 28 100 6.73 1.00 
 
E. Lace monitor-yellow-spotted goanna. 
Habitat Population 
proportion (πi) 
Sample 
count 
Sample 
proportion (Oi) 
Selection 
index (Ŵ) 
Standardized 
habitat index (Bi) 
Woodland  80.00 29 85.29 1.07 0.12 
Plain 17.71 0 0 0 0 
Dune  1.91 5 14.71 7.70 0.88 
Beach 0.38 0 0 0 0 
Total 100 34 100 8.77 1.00 
 
Table 7.5. The movement behaviours just after two individual goannas meet. Three general 
behaviours were identified. A: Times when the two individuals came in close to each other, but 
passed by or ignore each other. B: Times when two individuals came in close proximity to each 
other and stayed in same location. C: Times when two individuals came in close proximity to each 
other and left the area together.  
 A B C 
Male-male lace monitor 18 1 -- 
Male-female lace monitor 20 6 2 
Male-male yellow-spotted goanna 21 2 -- 
Male-female yellow-spotted goanna 19 4 2 
Lace monitor-yellow-spotted goanna 25 9 -- 
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Discussion 
My data demonstrate differences in individual space use of yellow-spotted goannas and lace 
monitors inhabiting areas adjacent to a sea turtle nesting beach, yellow spotted goannas used the 
frontal dune about four times more frequently than lace monitors who spent more of their time in 
the woodlands located behind the frontal dune. The deployment of high sampling frequency GPS 
devices allowed me to detect potential interactions between individuals. My study revealed two 
major findings that provide new insights into the spatial ecology by coastal inhabiting goannas. 
First, there were no differences between the frequency of potential encounters in male-male and 
male-female pairs in both yellow-spotted goannas and lace monitors. These encounters were 
relatively infrequent occurring on average once every 13 days. Secondly, the frequency of 
interspecific yellow-spotted goanna – lace monitor potential encounters was similar to intraspecific 
encounters averaging about once every 20 days.  
Intraspecific potential encounters in yellow-spotted goannas and lace monitors 
Chapter 5 and 6 reported that the home ranges of different individual yellow-spotted goannas and 
lace monitors could overlap considerable in both male and females. The current study suggests that 
intraspecific interactions between individuals in both species are relatively rare events despite 
having significant overlaps in home range. The question then becomes, do individuals actively 
avoid each other, or are their home ranges sufficiently large that the chances of them meeting each 
other are relatively low. Through the use of tongue flicking and their highly sensitive vomeronasal 
olfactory system, varanid lizards are certainly capable of detecting each other from a distance and 
thus avoiding each other if they want to. This olfactory system can receive chemical stimulus for 
reproduction and interspecific recognition (Vitt & Cooper 1986; Shine et al. 2002). Many lizards 
have epidermal structures on the ventral surface of the femoral pores connected to holocrine 
femoral glands that secrete pheromones (Gabirot 2010), so the detection of such pheromones could 
be a way of avoiding each other.  
 
However, there is no evidence from other studies that either lace monitors or yellow-spotted 
goannas actively avoid each other. For example, Guarino (2002) found several male lace monitors 
were often found in a single roost tree, and on several occasions two or more male monitors were 
noted simultaneously feeding off a single carcass, suggesting there was no evidence of antagonistic 
behaviour among male lace monitors, and in Chapter 6 several lace monitors were reported foraging 
around the Wreck Rock camping ground without aggressive interactions. However, Jessop et al. 
(2012) reported male lace monitors can exclude both other male and female conspecifics from 
resource-rich areas, so further studies are needed to clarify antagonistic and territorial behaviour in 
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lace monitors. In yellow-spotted goannas, Doody et al. (2014) found a warren system that was used 
by multiple individuals, which also suggests yellow-spotted goannas tolerate encounters with each 
other well. Hence, the most likely explanation for the low encounter rate between individuals whose 
home ranges overlap, is that the home ranges are large enough that the chance of them meeting each 
other is low.  
 
As these encounters were relatively rare, occurred at different times, and at different locations, it 
was not possible to assess if they were attracted to the same food source (which have only been 
temporarily available such as a dead animal carcass) or some other feature. Although, most of the 
encounters in both species were found in dune habitat, the reason is still unclear. The food 
abundance for monitor lizards in dune habitat is high (Blamires 2004), which may attract monitor 
lizards foraging in this habitat and thus have a higher chance of encounter. Therefore, the food 
abundance in different habitats needs to be investigated in future studies. In addition, because 
location fixes were made at either 15 minute of 30 minute intervals, it was not possible to accurately 
assess if they saw each other and then ran away, moved closer to each other, or ignored each other. 
Interestingly, in the currently study, only male-female pairs of the same species that left together, 
which might hint at some sort of mating behavior. A higher GPS recording frequency is suggested 
to be used in future studies to explore this phenomenon.  
 
Interspecific interaction between yellow-spotted goannas and lace monitors 
My results indicated the encounter rate between yellow-spotted goanna and lace monitors is low. 
Weavers (1989, 1993) found lace monitors spent a large proportion of their time in trees and found 
they preyed on bird eggs and nestling birds, suggesting the lace monitor is largely arboreal. In 
contrast, Blamires (2004) reported coastal yellow-spotted goannas as having a ground-dwelling 
habit, eating insects, crabs, reptiles, mammals, ground-nesting birds’ eggs and sea turtle eggs. These 
differences in the space use and food source between yellow-spotted goannas and lace monitors 
allow them to co-existence in same area without interacting with each other. At my study site, both 
species predate sea turtle eggs, but lace monitors only access sea turtle eggs after yellow-spotted 
goannas have opened nests, and camera traps never indicated both species at the same sea turtle nest 
at the same time (Chapter 2). Although I found the home range of these two species can overlapped 
to a large degree, any vertical height difference in space use could not be detected in my GPS data. 
Therefore, I suggested that while the horizontal home range of these two sympatric species may be 
highly overlapped, differences in vertical space use may decrease encounter frequency.  
 
 
103 
 
Potential encounters between monitor lizards and sea turtle nests 
Lace monitor encountered fewer turtle nests than male yellow-spotted goannas, probably because 
they spend less time in the beach-front dune habitat. Chapter 2 found yellow-spotted goannas 
appeared at loggerhead turtle nests more frequently than lace monitors did, and further that lace 
monitors only predated nests previously opened by yellow-spotted goannas indicating that 
yellow-spotted goannas are the major predator of sea turtle nests at Wreck Rock beach. Lace 
monitors are arboreal using their long, recurved claws for climbing trees (Cogger, 1993). Such long 
sharp recurved claws are not particularly useful for digging, and thus lace monitor may not have the 
ability to dig up sea turtle nests. Anecdotal observations made while regularly walking the beach 
also suggest that lace monitors use the beach area less frequently than yellow-spotted goannas, 
because yellow-spotted goannas were regularly seen on or adjacent to beach dunes, but lace 
monitors were rarely seen.  
 
In summary, the data presented here indicate some degree of habitat segregation between the lace 
monitor and yellow-spotted goanna populations at Wreck Rock beach, yellow-spotted goannas 
tending to use habitat close to the beach-front dunes, and lace monitors tending to use habitat 
further inland from the beach-front dunes. I found that both intraspecific and interspecific 
interactions were relatively rare, most probably due to home ranges being large enough to make the 
chances of a meeting rare. 
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CHAPTER 8 
 
General discussion and suggestions for future research directions 
 This thesis presents a field study of goanna spatial ecology and goanna predation of sea turtle nests 
in a semi-tropical coast habitat. It has made significant new contributions by making discoveries 
about the interaction between the intraspecific variation in space use and sea turtle nests. It is also 
the first study to evaluate different methods of protecting sea turtle nests from goanna predation.  
 
Chapter 2 documents the main predators of sea turtle nests at Wreck Rock beach and their relative 
activity. I found that yellow-spotted goannas were the principle predators. Previous work had 
documented that goanna predation could greatly reduce the recruitment of sea turtle hatchlings 
(Blamires & Guinea 1998; Blamires et al. 2003; Limpus 2008a; Maulany 2012) but in the current 
study predation rate varied between years and was correlated with the goanna activity on the dune 
habitat, suggesting that either the number of goannas patrolling the beach dune area can vary by a 
factor of two between years, or, alternatively, the number of goannas was similar between years, but 
the time they spent patrolling the beach dune area varied by a factor of two between years. I found 
that the appearance of yellow-spotted goannas at loggerhead turtle nests was more frequent than 
lace monitors, and yellow-spotted goannas were the only species that opened nests, lace monitors 
were only observed to raid nests that had previously been opened by yellow-spotted goannas.  
 
In future studies, it would be useful to compare the predator activity on the beach dune during each 
month of the year. These data would enable an evaluation of how important the sea turtle nesting 
season influences goanna activity on the dune habitat. It would also be useful to capture and mark 
goannas in order to identify if the same individuals raid turtle nests during different years. In 
addition, capture recapture methodology could be used to compare the goanna population density 
on the dune habitat and woodland forest habitat.  
 
Also, an investigation as to how/why goanna activity varied by a factor of two in the two years of 
my study warrants further investigation. Does the number of goannas moving to the beach dune 
areas vary considerable in different years – and if so, what might be the cause of this differential 
movement of numbers? Or alternatively, if the number of goannas in the area remains relatively 
constant from year to year, why does the activity of individuals on the beach dunes vary so much 
between different years?   
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Chapter 3 investigated how goannas find sea turtle nests and had three major findings. Firstly, I 
found the frequency of goanna attacks on sea turtle nests did not increase as the sea turtle nesting 
season progressed despite the number of sea turtle nests incubating increasing, and thus that the 
likelihood of a nest being attacked by a goanna was independent of nest age. Only large male 
yellow-spotted goannas opened nests, and these individuals may exclude others from the beach 
potentially limiting the number of goannas able to forage on the beach and this may explain why 
nest predation rate did not increase as the sea turtle nesting season progressed. Secondly, I found 
there was no apparent connection between ghost crab burrows and the likelihood of a nest being 
predated by a goanna. Ghost crabs regularly burrow into sea turtle nests and are known to eat eggs 
and hatchlings (Le Buff 1990; Thompson 1995; Witherington 1999; Trocini et al. 2009) and such 
burrows may alert the location of sea turtle nests to goannas. However, my observations do not 
support an association between the appearance of ghost crab burrows into a sea turtle nest and the 
subsequent predation of that nest by goannas. Thirdly, contrary to expectation, I found goanna 
predation activities occurred at all stages of the incubation period with no peaks at the beginning or 
end of incubation when visual and olfactory cues are thought to be most obvious. However, turtle 
nests were visited more often and material (eggs, egg remains after hatching) taken from the nest 
once a nest was opened or had hatched, indicating that goannas were attracted to the odor of the 
opened nest, and/or the visual cue of the open hole at the nest site. Goannas probably also 
remember the location of these nests which allows them to visit the same nest numerous time on 
subsequent days to access the food source. 
 
Although I found ghost crab burrows were numerous all over the beach dune area, I did not assess if 
burrow density above a nest in undisturbed nests was greater than burrow density in adjacent areas 
where no nests exited. So it is not known if ghost crabs actively seek our sea turtle nests in order to 
burrow into them. Future research is needed to investigate this aspect of ghost crab biology, and to 
explore if ghost crab activity on the beach and adjacent dunes as reflected by burrow density 
changes throughout the year.  
 
Also, a future study should investigate how goannas detect sea turtle nests that are midway through 
incubation, particularly because frequently these nests have been passed over without detection by 
goannas earlier in incubation. I assume that if a goanna detects the presence of a sea turtle nest, it 
would immediately try to access it, but this might not be the case. Some simple experiments might 
be trialed to test this assumption. In the first instance, single freshly laid sea turtle eggs might be 
buried just below the surface of the sand at various locations and these monitored every day for 
signs of goanna tracks nearby until the egg is found – or not found. 
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 Chapter 4 explored different nest protection methods against goanna predation: aluminium cage, 
plastic mesh, chili powder and flag deterrents. Placing plastic mesh on the top of turtle nests was 
found to be the most efficient and effective way to protect turtle nests from goanna predation. 
However, I found goannas are able to dig into the nest chamber if they found the edges of mesh, so I 
recommend the minimum dimensions of mesh used should be 1m x 1m and the mesh buried at least 
20cm below the sand surface.  
 
Although placing plastic mesh on top of nests is effective at protecting sea turtle nests from 
predation it is labour-intensive, requiring effort when the nest is first constructed and again after the 
nest has hatched to remove the mesh from the beach. The Queensland Turtle Volunteers 
organization that work at Wreck Rock beach performed a small trial during the 2016-2017 nesting 
season and found that placing a freshly killed cane toad on top of newly constructed sea turtle nests 
appeared to deter goanna predation of that nest. This form of nest protection needs to be further 
explored, and if found to be reliable it may be possible to manufacture a ‘goanna deterrent’. For 
example, if it is an olfactory cue from the dead cane toad that is deterring goannas, it should be 
possible to identify the deterrent odor molecule(s) and to artificially synthesise these so that it (they) 
can be solublised into a deterrent spray that could be quickly applied to the surface of sea turtle 
nests. 
 
Chapters 5 and 6 are the first studies to investigate the intraspecific variation in space use of 
yellow-spotted goannas and lace monitors in a coastal habitat. My results showed that 
yellow-spotted goannas spent much more time in the beach and dune habitat compared to lace 
monitors who spent most of their time in woodland habitat behind the frontal dunes and around the 
camping area. Lace monitors also appeared to move much further and to have bigger home ranges 
that yellow-spotted goannas during the summer sea turtle nesting season, indicating these two 
species have different foraging strategies. The GPS results from Chapter 5 and 6 are consistent with 
the camera trap data in Chapter 2, which suggested that yellow-spotted goannas are the major 
reptilian predator of sea turtle nests at Wreck Rock beach. This study provides new information on 
the movements and home-range size of yellow-spotted goannas and lace monitors, much of which 
differs from the earlier radio tracking studies of yellow-spotted goannas (Blamires 2004) and lace 
monitors (Weavers 1993, Guarino 2002). Blamires (2004) reported yellow-spotted goannas use the 
dune and grasslands directly behind the dunes extensively for finding food at Fog Bay. However, 
Blamires (2004) did not distinguish between males and females in his study. I found adult male 
yellow-spotted goannas travelled between dune, grassland and woodland habitat, while females 
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confined their activities to grass and/or woodland habitat. Hence it would appear that male 
yellow-spotted goannas are the main predator of sea turtle nests. I also found use of the beach dunes 
by male yellow-spotted goannas varied between individuals, suggesting that relative few individuals 
are responsible for opening and predating sea turtle nests.  
 
The high recording frequency of GPS loggers allowed the movement patterns of individual lace 
monitors to be classified into ‘linear’ or ‘clumped’ indicating plasticity in this species space use. I 
also suggested the KBB method is a better way to calculate the home range of ‘linear’ individuals, 
and therefore that the movement pattern of individuals need to be evaluated before using the MCP 
method to calculate the home range of that individual.  
   
My research only covered the summer period when sea turtle nests are present on the beach. Further 
research is needed to discover what the goannas do during other times of the year. Shine (1986) has 
suggested that within the family varanidae a large amount of interspecific ecological variability and 
possibly intraspecific variability is associated with variation in local conditions. Do the 
yellow-spotted goannas that regularly patrol the beach and frontal dunes during the summer period 
move inland during the other seasons, do they become inactive and hibernate, or do they remain 
active in the beach area and exploit sea-washed carrion and ghost crabs as a food source during 
these times?  In such future studies, it would also be ideal to use the doubly-labelled water method 
to measure field metabolic rates of goannas throughout the year to explore how metabolic 
expenditure varies with the special ecology of goannas.  
 
Chapter 7 investigated the intraspecific and interspecific interactions in coastal yellow-spotted 
goanna and lace monitor populations adjacent to a turtle nesting beach. The data presented here 
indicate some degree of habitat segregation between the lace monitor and yellow-spotted goanna 
populations at Wreck Rock beach, yellow-spotted goannas tending to use habitat close to the 
beach-front dunes, and lace monitors tending to use habitat further inland from the beach-front 
dunes. The difference in habitat use from this chapter was correlated to my GPS result in Chapter 5 
and Chapter 6. Differentiation in food source and space use is an important phenomenon between 
sympatric species that allow successful coexistence (Lisičić et al. 2012). My results suggested 
yellow-spotted goanna and lace monitor have different foraging behaviour. Further research is 
needed to discover what the difference in the diets of yellow-spotted goanna and lace monitor are. I 
assume yellow-spotted goanna tend to eat coastal small animals such as ghost crabs and insects, 
while lace monitor tend to search large carrion. In the future studies, it would also be idea to use 
stomach flushing method to determine stomach contents of goannas throughout the year to explore 
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how food types varies with the spatial ecology of goannas.  
 
I also found that both intraspecific and interspecific encounters were relatively rare, most probably 
due to home ranges being large enough to make the chances of a meeting rare. Although I found the 
home range of these two species can overlapped to a large degree, any vertical height difference in 
space use could not be detected in my GPS data. Therefore, I suggested that while the horizontal 
home range of these two sympatric species may be highly overlapped, differences in vertical space 
use may decrease encounter frequency. Three-dimensional geography is needed to analysis the 
proportion of time on the tree/ground in these goanna species. 
 
In summary, all Chapters of this thesis have contributed new information about goanna biology with 
a focus on goanna predation of sea turtle nests. I discovered that large male yellow-spotted goannas 
were the individuals that patrolled the beach and dune areas the most, and were solely responsible 
for opening sea turtle nests. However, once a nest had been opened, other goannas, including lace 
monitors could exploit the accessible sea turtle eggs. I also found, as expected by niche separation 
theory, that yellow-spotted goannas and lace monitor preferred habitats were different, with lace 
monitors mainly using the inland areas behind the frontal dunes, and yellow-spotted goannas mainly 
using the areas on and adjacent to the beach front dunes. Therefore, I suggested the future 
management implications could be 1) temporal removal adult male yellow-spotted goanna from 
nesting beach to inland. 2) Placing plastic mesh on the top of turtle nests. 
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